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“El sabio no se sienta para lamentarse, 
sino que se pone alegremente a su tarea de 
reparar el daño hecho” 
 










































































































































































































































mutations  identified  in patients diagnosed with propionic  acidemia  (PA), one of  the 
most  frequent organic acidemias  inherited  in autosomal  recessive  fashion as well as 
diverse  splicing mutations  identified  in  different  genes  involved  in  several  inherited 
metabolic diseases  (IMD). Our  findings  lead  to  the  investigation  in  specific mutation 
therapeutic approaches. 
We have employed multiplex ligation probe amplification (MLPA) and long PCR in 






the  PCCA  gene  could  be  due  to  the  characteristics  of  the  gene  structure  and  its 




established  the  proof  of  principle  that  nonsense mutations  in  PA  can  be  partially 
suppressed  in  vitro  by  aminoglycosides with  different  efficiencies  depending  on  the 
nonsense mutation  and  the  sequence  context.  To  correct  the metabolic defect,  the 
incorporated  aminoacid  should  support  protein  function,  most  of  them  retaining 
partial  activity  as was  evaluated  by  in  silico  and  in  vitro  expression  analysis  of  the 
predicted  missense  changes.  In  patient´s  fibroblasts  treated  with  readthrough 
compounds we observed a 40‐50 fold increase in enzymatic activity, reaching up to 10‐




most  IMD  were  also  analyzed.  We  have  characterized  mutations  found  at  the 
conserved  splice  sites  and  at  deep  intronic  sequences  that  activate  or  create  new 
splice sites resulting  in the aberrant  inclusion of pseudoexons  in the mRNA. We have 
performed  in  silico and  functional analysis using minigenes  to analyze  the  individual 





different mutations.  The  antisense  therapy  has  efficiently  restored  normal  splicing 
affected by pseudoexon activation due  to deep  intronic mutations with a  functional 























El  primer  error metabólico  congénito  fue  identificado  por  Archibald Garrod  a 
principios  del  siglo  XX  con  sus  estudios  sobre  la  alcaptonuria,  una  deficiencia  en  la 
enzima homogentisato dioxigenasa implicada en el metabolismo de la tirosina. Garrod 
describió  también  la  cistinuria,  la  pentosuria  y  el  albinismo  (Garrod,  1975). 








Estas  enfermedades  son  consideradas  enfermedades  raras  (definidas  por  la 
EURORDIS  (European  Organisation  for  Rare  Diseases)  como  aquellas  que  afectan  a 





dicho  sustrato  por  vías  alternativas,  o  bien,  fenómenos  derivados  de  la  menor 
formación del producto final o de su ausencia. Los efectos fisiopatológicos del acumulo 
de sustancias no metabolizadas dependen del grado de acumulación y de su posible 
toxicidad;  la utilización de  vías metabólicas  inusuales o  alternativas, puede producir 
nuevas  sustancias  potencialmente  tóxicas;  y  las  consecuencias  derivadas  de  la 
deficiencia de determinados compuestos dependen del grado de su esencialidad.  
 

























En  este  trabajo  se  han  estudiado  las mutaciones  de  pacientes  con  acidemia 
propiónica (AP; MIM 606054) y aciduria metilmalónica aislada (AMM; tipo mut: MIM 
251000, tipo cblA: MIM 251100, tipo cblB: MIM: 251110, tipo cblD variante 2: MIM 
277410),  dos  de  las  formas  más  frecuentes  de  acidurias  orgánicas,  causadas  por 
defectos en el catabolismo de aminoácidos ramificados, ácidos grasos de cadena larga 
y de  la cadena  lateral del colesterol, concretamente en  los pasos de degradación de 
propionil‐CoA  a  succinil‐CoA.  Estas  acidurias  orgánicas  son  enfermedades  genéticas 
que se heredan de forma autosómica recesiva. Pertenecen al grupo de enfermedades 




de  manera  que  la  presentación  clínica  puede  ir  desde  una  forma  más  severa  de 





El  tratamiento  está  dirigido,  principalmente,  a  prevenir  el  acumulo  de 









causada por  la deficiencia de  la enzima mitocondrial propionil‐CoA carboxilasa  (PCC; 
E.C.  6.4.1.3)  que  cataliza  la  carboxilación  dependiente  de  biotina  del  propionil‐CoA 
hasta D‐metilmalonil‐CoA (Figura 1). El propionil‐CoA proviene del catabolismo de  los 
aminoácidos valina,  isoleucina, metionina y  treonina, de  los ácidos grasos de cadena 










































sintetiza  en  forma  de  apoenzima  y  es  después  biotinilada  por  la  enzima 
holocarboxilasa  sintetasa  (HCS).  La  liberación  del  la  biotina  se  lleva  a  cabo  por  la 
enzima biotinidasa. 
 
La  PCC  es  un  dodecámero  compuesto  por  6  unidades  α  y  6  unidades  β.  Se 
localiza en la matriz mitocondrial y tiene un peso aproximado de 750 kDa (Huang et al., 
2010).  La  subunidad  α  de  mayor  tamaño  (72KDa)  contiene  el  dominio  biotina 





















37 a 335 pb de  longitud  (Campeau et al., 2001). El mRNA codificante  tiene una  fase 
abierta  de  lectura  de  2184  nucleótidos  codificando  para  una  proteína  de  728 
aminoácidos (Campeau et al., 2001). 
 
- El gen PCCB  (MIM 232050) codifica para  la subunidad β, está  localizado en el 
cromosoma 3q13.3‐q22 (Kraus et al., 1986; Lamhonwah et al., 1986) y está constituido 





muy  amplio  de  fenotipos  (Desviat  et  al.,  2004;  Perez‐Cerda  et  al.,  2000).  En  el 
momento  de  comenzar  este  trabajo  la  mayoría  de  las  mutaciones  descritas 
correspondían  a  cambios  de  aminoácido,  seguidas  de  pequeñas  inserciones  o 
deleciones,  mutaciones  que  afectan  al  procesamiento  del  mRNA  (splicing)  y 
mutaciones sin sentido.  
 
El  diagnóstico  de  la  enfermedad  se  realiza  reuniendo  datos  bioquímicos, 
enzimáticos y genéticos:  
 
Los  datos  bioquímicos  característicos  son  fundamentalmente  debidos  al 
acumulo  intramitocondrial de propionil‐CoA que  se metaboliza por vías  secundarias, 
por  lo  que  la  AP  se  caracteriza  por  la  presencia  de  altas  concentraciones  de  ácido 
propiónico  libre además de sus metabolitos derivados: metilcitrato, 3‐OH propiónico, 
propionilglicina y tiglilglicina en sangre y orina además de propionilcarnitina en plasma. 
Estos  pacientes  también  presentan  hiperamonemia  (debido  a  la  formación  de  N‐
propionilglutamato,  inhibidor  competitivo  del  enzima  N‐acetilglutamato  sintetasa 
Figura  2. Dibujo  esquemático  de  la  estructura
cristalográfica  de  la  propionil‐CoA  carboxilasa
(α6β6) bacteriana descrita por Huang et al., 2010.
Se  muestra  la  estructura  de  la  holoenzima,
dispuesta  en  un  núcleo  central  hexamérico  β6  en
forma de cilindro corto con un pequeño hueco a  lo
largo de  su eje. Las  subunidades  α  se disponen en
los  extremos  del  núcleo.  BCCP:  dominio  de
biotinilización,  BC:  biotina  carboxilasa, N:  dominio
N‐terminal, C: dominio C‐terminal, BT: dominio de
la  subunidad  α  (formado  por  residuos  de  BC  y
BCCP),  crucial  para  las  interacciones  con  la





(Coude  et  al.,  1979;  Stewart  and  Walser,  1980)  e  hiperglicinemia  (debido  a  una 
disminución secundaria de la actividad enzimática del complejo de ruptura de la glicina 
(GCS)  por  el  acumulo  de  propionil‐CoA  intracelular  (Kolvraa,  1979; Hayasaka  et  al., 
1982). Por otra parte, el propionil‐CoA puede actuar como sustrato, en lugar del acetil‐















evitar  el  ayuno  prolongado,  ya  que  se  ha  comprobado  que  propicia  el  acumulo  de 
metabolitos tóxicos (Thompson and Chalmers, 1990). Para ello, la principal medida es 
la  limitación  de  la  ingesta  proteica,  en  combinación  con  la  administración  de 
suplementos especiales exentos de aminoácidos precursores de ácido propiónico,  la 
suplementación  con  L‐carnitina,  que  puede  atenuar  los  síntomas  al  actuar  como 
transportador para  retirar  la acumulación de propionil‐CoA de  las células  (Roe et al., 
1984),  la  suplementación  de  biotina  (Wolf  et  al.,  1981;  Lehnert  et  al.,  1994),  o  el 
tratamiento  con  antibióticos  como  el  metronidazol  para  disminuir  la  producción 
bacteriana de propionato  intestinal (Mellon et al., 2000). Adicionalmente, también se 




sometidos  a  trasplante  hepático  (Yorifuji  et  al.,  2000;  Kayler  et  al.,  2002), 
observándose una corrección de la hiperamonemia, un control de la descompensación 
metabólica  (Yorifuji  et  al.,  2000)  y,  sobre  todo,  una mejora  significativa  respecto  al 








caracterizada  por  defectos  en  el  paso  de  L‐metilmalonil‐CoA  a  succinil‐CoA.  Esta 
reacción está  catalizada por  la enzima mitocondrial metilmalonil‐CoA mutasa  (MUT; 


























defectos  tanto  en  la  enzima  MUT  como  en  alguna  de  las  enzimas  MMAA,  ATP: 
cob(I)alamina  adenosiltransferasa  (ATR;  EC  2.5.1.17)  o MMADHC,  implicadas  en  el 
metabolismo  mitocondrial  de  la  forma  activa  del  cofactor,  producen  aciduria 
metilmalónica  aislada  (Merinero  et  al.,  2008)  (Figura  3).  Estos  defectos  son 





de un  receptor específico, pasa a  través del  lisosoma,  sigue  su procesamiento en el 
citosol  y  prosigue  bien  por  vía  citosólica,  o  bien  por  vía  mitocondrial.  En  la  vía 
mitocondrial sintetiza, mediante la enzima ATR, adenosilcobalamina (AdoCbl), cofactor 






(Fenton  et  al.,  2001),  en  la  cual  están  implicados  los  genes MUT, MMAA, MMAB  y 
MMADHC: 
 




2,  son    responsables  del  grupo  cblA.  Este  gen  codifica  para  la  proteína MMAA  con 
Figura    3. Metabolismo mitocondrial  de  las  cobalaminas  y  enzimas  implicadas  en  aciduria









la enzima ATR que cataliza  la  transferencia de un grupo adenosilo desde el ATP a  la 
cobalamina  para  generar  la  adenosilcobalamina  (AdoCbl). Defectos  en  este  gen  son 
responsables del grupo de complementación cblB.  
 
- Mutaciones en distintas regiones del gen MMADHC  (MIM 611935),  localizado 
en  el  cromosoma  2q23.2,  se  han  asociado  a  la  coexistencia  de  tres  variantes 
fenotípicas  diferentes.  El  análisis  del  gen MMADHC  de  pacientes  cblD  con  aciduria 
metilmalónica aislada indica que mutaciones de parada prematura de la traducción en 
la  región N‐terminal  de  la  proteína  causan  aciduria metimalónica  (cblD  variante  2),  
mientras  que  si  se  localizan  en  la  región  C‐terminal  causan  aciduria metilmalónica 
combinada  con  homocistinuria  (cblD  combinada).  Por  último,  pacientes  con 




que  sería  posible  la  existencia  de  dos  transcritos,  aunque  no  hay  indicios 
experimentales para esta hipótesis (Coelho et al., 2008; Miousse et al., 2009; Suormala 
et al., 2004).    
Las  características  bioquímicas  de  la  AMM  incluyen  altos  niveles  de  ácido 
metilmalónico,  así  como  de  los  metabolitos  derivados:  2‐metilcitrato,  3‐OH 
propionato,  propionilcarnitina  y  propionilglicina  en  fluidos  fisiológicos,  junto  con  la 
presentación de cetoacidosis, hiperamonemia e hiperglicinemia.  
El  principal  tratamiento  para  paliar  los  síntomas  de  estos  pacientes  es  la 




















































TH,  respectivamente),  estas  dos  últimas  claves  en  la  biosíntesis  de  los 
neurotransmisores serotonina y dopamina, respectivamente (Figura 4),  lo cual explica 
que  los pacientes  con defectos en BH4 presenten deterioro neurológico  (Blau et al., 
2001). Además,  la BH4  actúa de  cofactor de  la óxido nítrico  sintasa  y  la  gliceril eter 
monooxigenasa (Thony et al., 2000).  
 
La  BH4  es  sintetizada  de  novo  a  partir  de GTP  en  3  pasos  catalizados  por  las 
enzimas GTP ciclohidrolasa  I  (GTPCH), 6‐piruvoil‐tetrahidropterina  sintasa  (PTPS) y  la 
enzima  sepiapterina  reductasa  (SR;  E.C.  1.1.1.153),  codificada  por  el  gen  SPR  (MIM 
182125) de localización cromosómica 2p14‐p12, que cataliza el paso final de reducción 
de  6‐piruvoil‐tetrahidropterina  a  BH4.  Otras  tres  enzimas  adicionales  pueden 















Figura    4. Biosíntesis  y  regeneración  de  tetrahidrobiopterina  (BH4)  y  su  implicación  en  la 
deficiencia de sepiapterina reductasa (SR). Se muestran en verde los metabolitos aumentados 
en la deficiencia de sepiapterina reductasa y en rojo los disminuidos HVA: ácido homovalínico, 
5HIAA:  5‐hidroxindolácetico. GTPCH: GTP  ciclohidrolasa  I,  PTPS:  6‐piruvoil‐tetrahidropterina 
sintasa, AR: aldosa  reductasa, CR:  carbonil  reductasa, DHFR: dihidrofolato  reductasa, DHPR: 
dihidropteridina  reductasa  PCD:  pterin‐4a‐carbinolamina  dehidratasa,  PAH,  TPH  y  TH: 
fenilalanina, triptófano y tirosina hidroxilasas respectivamente, n.e: no enzimático.  
 
Las manifestaciones  clínicas  en  la mayoría  de  los  pacientes  aparecen  en  los 
primeros  años  de  vida,  siendo,  principalmente,  retraso  psicomotor  progresivo  y 




fluctuantes,  opsoclonus,  hipotonía  central  con  hipertonía  periférica  y  respuesta 
positiva a L‐dopa (Echenne et al., 2006; Neville et al., 2005).  
 
Al  no  presentar  hiperfenilalaninemia,  esta  enfermedad  no  se  detecta  en  los 
análisis rutinarios de cribado neonatal. El diagnóstico bioquímico de esta enfermedad 
se  basa  en  el  análisis  de  pterinas  y  aminas  biógenas  en  líquido  cefalorraquídeo, 
encontrándose  niveles  disminuidos  de  ácido  homovalínico  (HVA)  y  5‐
hidroxindolácetico (5‐HIAA), y aumentados de 7, 8‐dihidrobiopterina y sepiapterina. El 
diagnóstico  se  completa  con  el  análisis  genético,  confirmando  la  presencia  de 








1.4.  REORDENAMIENTOS  GENÓMICOS  Y  ENFERMEDADES  METABÓLICAS 
HEREDITARIAS 
 
Desde  el  punto  de  vista  genético,  las mutaciones  en  los  genes  descritos  son 
mayoritariamente  de  cambio  de  aminoácido,  mutaciones  que  afectan  al 
procesamiento del mRNA  (splicing), mutaciones  sin  sentido y pequeñas deleciones e 
inserciones.  La metodología  habitual  para  realizar  el  análisis  genético,  basada  en  la 
amplificación por PCR de  las regiones codificantes del gen, seguida de secuenciación, 
no  permite  identificar  reordenamientos  genómicos  como  grandes  deleciones, 
duplicaciones, inversiones, etc. 
 
Se  han  descrito  variaciones  genómicas  en  el  número  de  copias  (CNVs)  que 
conllevan  la  implicación  de  grandes  segmentos  de  DNA  como  causa  de  muchas 
enfermedades  genéticas,  siendo  asimismo,  una  fuente  de  diversidad  genética  entre 
humanos. La extensión de estos reordenamientos puede variar desde una duplicación 
de un cromosoma entero hasta variaciones en el número de copias de un solo exón 
(Saillour  et  al.,  2008).  Se  ha  sugerido  que  las  CNVs  pueden  estar  implicadas  en  la 
expresión  fenotípica  y  penetrancia  variable  de  las  enfermedades  mendelianas,  así 
como en la etiología de enfermedades complejas (Beckmann et al., 2007) siendo varios 
los mecanismos moleculares  propuestos  incluyendo  variaciones  en  la  dosis  génica, 
disrupción  o  fusión  génica,  efectos  de  posición,  etc.  (Zhang  et  al.,  2009).  Las  CNVs, 
especialmente  la  duplicación  génica  y  la  reestructuración  de  exones,  son  los 
principales mecanismos de evolución génica y genómica.  
 
Según  la  base  de  datos  de  mutaciones  patogénicas  humanas  (HGMD‐ 
www.hgmd.cf.ac.uk),  aproximadamente  un  6%  de  las  mutaciones  corresponden  a 







En  algunas  enfermedades  como  la  distrofia muscular  de  Duchenne  (DMD),  el 
porcentaje  de  alelos  con  grandes  deleciones  es  de  hasta  el  65%.  En  EMH,  se  ha 
descrito una alta  frecuencia  (15‐25%) de este  tipo de defectos en hiperglicinemia no 
cetósica (gen GLDC) (Kanno et al., 2007), en defectos de ornitina transcarbamilasa (gen 
OTC) (Shchelochkov et al., 2009) y en  intolerancia proteica con  lisinuria (gen SLC7A7) 






dosis génica en cualquier  región del genoma, gracias a  las cuales se han  identificado 
numerosos CNVs. Entre estas técnicas se  incluyen aquellas basadas en arrays bien de 
SNPs  (Stanczak  et  al.,  2007),  de  BACs  u  oligos  como  es  la  hibridación  genómica 
comparativa  en  array  o  array  CGH  (Saillour  et  al.,  2008;  Shchelochkov  et  al.,  2009; 
Wong  et  al.,  2008),  otros métodos  por  PCR,  entre  los  que  está  el MLPA  (Multiplex 
Ligation Probe Amplification) basado en la hibridación y ligación de sondas, seguida de 




1.5.    MUTACIONES  SIN  SENTIDO  Y  TERAPIAS  SUPRESORAS  DE  LA 
TERMINACIÓN DE LA TRADUCCIÓN 
 
Las mutaciones  sin  sentido  o  nonsense  están  presentes  en  un  10‐15%  de  los 
pacientes  con  distintas  enfermedades  genéticas.  La  introducción  de  un  codón  de 
parada  prematuro  (PTC)  conlleva  la  producción  de  proteínas  truncadas  que 
generalmente no son funcionales ni  incluso estables, además, de que  los mRNAs que 
contienen  PTCs  son  en  sí mismos  frecuentemente  inestables  y  degradados  por  el 
mecanismo de decaimiento del mRNA o nonsense mediated decay (NMD). Todo esto, 
tiene  como  consecuencia  una  reducción  importante  en  la  producción  de  proteína 
funcional de forma patogénica (Keeling and Bedwell, 2011). 
 
Durante  la  fase  de  elongación  en  la  traducción,  el  ribosoma  avanza  sobre  el 
mRNA asociándose en cada caso el aminoacil tRNA complementario para cada uno de 
los codones codificantes. En raras ocasiones, cuando el ribosoma se encuentra un PTC, 
en  lugar  de  originar  la  terminación  prematura  de  la  síntesis  proteica,  un  aminoacil 
tRNA  con un  anticodón  complementario en 2 de  los 3 nucleótidos  con el  codón de 
parada,  puede  asociarse  a  la  subunidad  mayor  (sitio  A),  siendo  su  aminoácido 
incorporado en  la  cadena polipeptídica naciente  (Fearon et  al., 1994)  (Figura 5). De 
manera que, sobre el PTC se originaría una mutación de cambio de aminoácido, cuya 


















































































































































































































































































resultado  efectivos,  en  diferente  medida,  en  fibrosis  cística  (Clancy  et  al.,  2001; 
Wilschanski et al., 2003), distrofia muscular de Duchenne (Dunant et al., 2003; Politano 




medida  la  identidad del codón de parada, así como  la secuencia del mRNA alrededor 
de éste. En concreto, se ha descrito la importancia del nucleótido siguiente al codón de 
parada,  por  lo  que  se  habla  de  tetranucleótido  como  señal  de  la  terminación 
(McCaughan  et  al.,  1995).  Tras  ser  ensayadas  distintas  construcciones  con  los  12 
posibles tetranucleótidos, mediante un sistema de transcripción‐traducción in vitro en 




Además  de  esta  última  consideración,  previa  a  la  administración  de  los 
aminoglucósidos como terapia supresora para mutaciones sin sentido, otra importante 
a tener en cuenta es que el uso prolongado de éstos es  limitado debido a su nefro y 
ototoxicidad.  Por  lo  que,  ante  la  necesidad  de  encontrar  compuestos  sin  efectos 
adversos  y  capaces  de  suprimir  la  terminación  de  PTCs,  se  han  realizado  varios 
estudios mediante un rastreo de alto rendimiento en librerías de compuestos de bajo 
peso molecular. De esta manera, se  identificó el compuesto PTC124 por su capacidad 
de  producir  selectivamente  la  supresión  de  la  terminación  de  PTCs,  pero  no  de  los 
codones  originales  de  parada,  con  una mayor  potencia  que  los  aminoglucósidos,  a 
concentraciones de tipo nanomolar y sin producir efectos tóxicos (Welch et al., 2007). 
Inicialmente, el  compuesto PTC124  fue ensayado  con éxito,  suprimiendo de manera 
efectiva mutaciones  sin  sentido asociadas  con DMD  y  fibrosis  cística en modelos de 
ratón  (Du  et  al.,  2008; Welch  et  al.,  2007).  En  el modelo  de  ratón  para  DMD  se 
recuperó  aproximadamente  un  20‐25%  de  los  niveles  de  proteína  normal  tras  el 
tratamiento  con  PTC124.  Actualmente,  este  compuesto  comercializado  como 
Ataluren®  (PTC Therapeutics®) está en  fase 3 en ensayos clínicos para pacientes con 
fibrosis  cística  (http://www.ptcbio.com).  Asimismo,  se  han  identificado  otros 










Aproximadamente,  un  15%  de  las  mutaciones  puntuales  asociadas  a 
enfermedades  genéticas  humanas  afectan  al  procesamiento  del  mRNA  o  splicing 
(Cooper et al., 2006; Krawczak et al., 1992; Wang et al., 2005). Se conoce como splicing 
al proceso mediante el  cual, el mRNA  sufre el procesamiento de eliminación de  sus 










Se  han  descrito  tres  secuencias  conservadas  de  splicing,  localizadas  en  las 
uniones  exón‐intrón,  que  contienen  gran  parte  de  la  información  requerida  para  el 
procesamiento correcto de  los distintos exones:  las secuencias 5´ y 3´ de splicing y  la 
secuencia  de  ramificación  localizada  30‐50  nucleótidos  aguas  arriba  del  sitio  3´  de 
splicing (Cooper et al., 2009) (Figura 6). Estas secuencias son reconocidas a través de 
interacciones  RNA‐RNA  y  RNA‐proteínas  por  los  diferentes  componentes  del 
“spliceosoma”. En concreto, el proceso de splicing comienza en el sitio 5´ de splicing al 
que  se  une,  por  complementariedad  de  bases,  U1snRNP  como  primer  paso  de  la 
formación del “spliceosoma”; a su vez, el sitio 3´ de splicing es reconocido por el factor 
auxiliar heterodímero de U2 (U2AF), formado por una subunidad pequeña (U2AF35) y 
una grande  (U2AF65), que  reclutan a U2snRNP.   Posteriormente, se  reclutan  las  tres 
snRNPs  (U4, U5  y U6),  ensambladas  en un  complejo  trimérico,  y,  tras  interacciones 
específicas  y  modificaciones  conformacionales  queda  formado  el  complejo  de  la 
maquinaria de splicing catalíticamente activo (Tazi et al., 2005). 
 
La  variabilidad en el  reconocimiento de  las  secuencias  conservadas de  splicing 
por los diferentes componentes del “spliceosoma” contribuye a la diferente eficiencia 
y  fidelidad  del  splicing.  Mutaciones  puntuales  localizadas  en  cualquiera  de  estas 





nucleótidos), como  son  los potenciadores o enhancers y  los  silenciadores de  splicing 
que pueden estar localizados en secuencias exónicas (ESE –exonic splicing enhancers‐, 
ESS  ‐exonic  splicing  silencers‐)  o  intrónicas  (ISE  –intronic  splicing  enhancers‐,  ISS  –
intronic  splicing  silencers‐).    Estas  secuencias  ejercen  su  acción  a  través  de  factores 
proteicos. En concreto,  los ESEs realizan su  función activadora gracias a  las proteínas 
SR,  compuestas  por  uno  o  dos  dominios  de  reconocimiento  de  RNA  (RRM)  en  su 
extremo  N‐terminal  y  un  dominio  C‐terminal  rico  en  arginina  y  serina  de  distinta 
longitud  (dominio RS).  Los  silenciadores  interaccionan  con una  serie  de  reguladores 






































Clásicamente,  las  mutaciones  de  splicing  han  sido  descritas  por  interrumpir 
secuencias conservadas de splicing,  la mayoría de ellas afectando a  los dinucleótidos 
invariables ag o gt en  los sitios 3´ y 5´ de splicing,  respectivamente  (Krawczak et al., 
2007).  Pero  en  los  últimos  años  se  han  descrito  numerosas mutaciones  localizadas 
lejos de estos sitios, en secuencias intrónicas o exónicas, que causan un defecto en el 
splicing.  Estas  mutaciones,  bien  activan  nuevos  sitios  crípticos  de  splicing,  o  bien 
afectan  a  elementos  exónicos  e  intrónicos  activadores  o  silenciadores,  reconocidos 
específicamente  por  proteínas  SR  o  hnRNPs,  respectivamente.  En  concreto,  las 
mutaciones  localizadas en  secuencias exónicas deben  ser evaluadas cuidadosamente 
ya que normalmente suelen interpretarse por su efecto en la secuencia codificante de 





estequiometria  de  los  factores  de  splicing  en  el  núcleo  pueden  tener  efectos 
significativos  en  la  modulación  del  splicing.  Se  han  descrito  varias  enfermedades 






algún exón en el mRNA  (exon  skipping), o  la activación de nuevos  sitios crípticos de 











En  ocasiones, más  que  interrumpir  secuencias  conservadas  de  splicing,  ciertas 
mutaciones pueden crear nuevos sitios utilizados erróneamente por  la maquinaria de 
splicing dando lugar a transcritos aberrantes. La presencia de secuencias similares a las 
consenso  de  splicing  en  secuencias  intrónicas  internas  alejadas  de  la  secuencia 
codificante  puede  ser muy  abundante. Mutaciones  localizadas  en  estas  secuencias 
pueden generar nuevos  sitios consenso de  splicing, activar  regiones potenciadoras o 
inhibir  regiones  silenciadoras  presentes  en  estas  secuencias,  encargadas  de  impedir 
normalmente  su  reconocimiento por  la maquinaria de  splicing.  Frecuentemente,  las 
mutaciones intrónicas producen la inclusión errónea de pseudoexones, secuencias del 
pre‐mRNA que se asemejan a un exón tanto en tamaño como por presentar secuencias 
flanqueantes  implicadas  en  el  splicing,  pero  que  en  condiciones  normales  no  son 
nunca  reconocidas como un exón por  la maquinaria de  splicing  (Buratti et al., 2006; 





bases  entre  distintos  snRNAs  del  “spliceosoma”,  como  U1snRNA  que  se  une 
específicamente  al  sitio  5´  de  splicing;  o  bien  por modificar  secuencias  reconocidas 
como  enhancers  de  splicing  exónicos  e  intrónicos  (ESEs  e  ISEs),  donde  se  unen  las 
proteínas  SR  auxiliares  de  splicing.  Para  ello,  están  disponibles  distintos  programas 
como  son  el  servidor  Berkeley  Drosophila  Genome  Project  (BDGP): 
http://www.fruitfly.org/sq_tools/splice.html,  Analyzer  Splice  Tool  (AST): 
http://ibis.tau.ac.il/ssat/SpliceSiteFrame.html  o  Human  Splicing  Finder 
(http://www.umd.be/HSF/) y ESE finder (http://exon.cshl.edu/ESE). Este último facilita 





celulares  modelo  de  splicing  que  utilizan  vectores  específicos  llamados  minigenes 
(Cooper,  2005).  Los  minigenes  son  vectores  con  porciones  exónicas  de  un  gen, 
definidas  como  sitios  funcionales  5´  y  3´  de  splicing,  separadas  por  secuencias 
intrónicas donde está localizado el sitio de policlonaje y se clona la secuencia genómica 









Como  consecuencia  de  defectos  en  el  splicing,  usualmente  se  producen 





por  el mecanismo  de  NMD,  que  actúa  como  sistema  de  vigilancia  del mRNA  que 
contiene PTCs para  evitar que puedan  traducirse  a proteínas  truncadas  carentes de 
función  (Maquat,  2004).  El NMD  en mamíferos,  generalmente, degrada mRNAs que 
producen PTCs 50‐55 nucleótidos corriente arriba de una unión exón‐exón generada 
tras el procesamiento del mRNA. A 20‐24 nucleótidos corriente arriba de esta unión se 
































Figura    7.  Esquema  del  mecanismo
NMD. Se muestran los distintos pasos de
degradación de un mRNA que  contiene
un  PTC  (siguiendo  la  regla  del  NMD)  a
50‐55  nucleótidos  corriente  arriba  de
una unión exón‐exón.  El  complejo SURF
está  formado  por  SMG  kinasa,  UPF1  y
los  factores  eRF1  y  eRF3.  Figura





enfermedad.  Entre  ellas,  se  encuentran  distintas  estrategias  como  son  la 
sobreexpresión de factores de splicing, la utilización de RNA interferente para eliminar 





subyacentes  al  defecto,  sirviendo  de  base  científica  para  el  desarrollo  de  la 
aproximación  terapéutica más  acertada  para  cada  uno  de  los  casos.  Como  ha  sido 
comentado anteriormente, las proteínas SR y hnRNPs tienen un papel muy importante 
en  la  modulación  del  splicing,  por  lo  que,  una  vez  ha  sido  identificado  el  efecto 
regulador  de  cada  una  de  ellas  para  cada mutación  en  concreto,  la  utilización  de 
pequeñas  moléculas  que  produzcan  variaciones  ya  sea  en  la  actividad  o  en  las 
cantidades  relativas  de  estas  proteínas  en  el  núcleo modularía  en  gran medida  el 
patrón transcripcional producido (Sumanasekera et al., 2008). En este sentido, se han 
ensayado múltiples  terapias  farmacológicas,  como  el  uso  de  kinetina,  aclarubicina, 
butirato  sódico  o  valproico  (Andreassi  et  al.,  2001;  Hims  et  al.,  2007).  La mayoría 
actúan activando  la transcripción de determinados genes  factores de splicing, ya que 





que  contienen  U1snRNAs  modificados  ha  sido  ampliamente  estudiada  (Guedard‐
Mereuze et al., 2009; Lund and Kjems, 2002; Roca et al., 2005) y utilizada con éxito 
para  recuperar  el  patrón  transcripcional  normal  en  distintas  enfermedades  como 




uso  de  oligonucleótidos  antisentido  (AONs).  Estos  AONs  son  pequeñas  cadenas  de 
análogos nucleotídicos que hibridan con el mRNA complementario por apareamiento 








































































5. Análisis  del  efecto  de  la  sobreexpresión  de  factores  de  splicing, U1snRNAs 
modificados  y  oligonucleótidos  antisentido,  sobre  la  recuperación 
transcripcional y  funcional de defectos de splicing, como primer paso en    la 





























En  el  cultivo  celular  se  emplearon  los  siguientes  reactivos:  medio  mínimo 
esencial  de  Eagle  (MEM),  glutamina  de  la  firma  comercial  GibcoBRL  y  suero  fetal 
bovino (FBS) de SIGMA. Los antibióticos fueron suministrados por Antibióticos S.A. La 
tripsina y los medios de comprobación se obtuvieron de Difco Laboratorios. Invitrogen, 







Invitrogen  proporcionó  los  productos  necesarios  para  la  purificación  de  RNA 
total. La purificación de productos de PCR y de DNA plasmídico se llevó a cabo con los 




Los  reactivos  y  enzimas  empleados  en  las  reacciones  de  PCR,  RT‐PCR  y 











Las  enzimas  de  restricción  fueron  proporcionadas  por  Roche  Diagnostics, 
Promega y New England Biolabs.  
 
Los  reactivos  empleados  en  las  reacciones  RT‐PCR  a  tiempo  real  (qRT‐PCR) 




las  casas  comerciales Miltenyi  Biotech,  Pierce, Millipore  y  Roche.  La membrana  de 
PVDF  procedió  de  la  casa  comercial  Protan.  Se  utilizó  el  anticuerpo  anti‐avidina 







Para  la  transcripción‐traducción  in  vitro,  el  kit  TNT‐T7  Quick  Coupled 
Transcription/Translation  System  lo  proporcionó  Promega  y  Amersham  el  reactivo 
Amplify.  Las  radiografías  se  cuantificaron  en  el  densitómetro  Bio‐Rad  GS‐800 
Calibrated  Imaging  Densitometer.  La mezcla macada  radiactivamente  L‐[S35]‐Met+L‐
[S35]‐Cys  (Promix  TM  L‐[S35]  in  vitro  cell  labelling mix;  >1000Ci/mmol)  y  el  isótopo 











de  sangre  impregnada  en  papel  o  sangre  total.  Las  líneas  de  fibroblastos  control 







Madrid,  respeta  los  principios  fundamentales  de  la  declaración  de  Helsinki,  del 
Convenio del Consejo de Europa relativo a los derechos humanos y la biomedicina y 









las  líneas  celulares  establecidas  de  fibroblastos:  5626‐T  (pccA,  genotipo: 































La  extracción  de  DNA  genómico  a  partir  de  fibroblastos  de  piel  cultivados  o 
sangre  total  se  realizó mediante  fenolizaciones  (John  et  al.,  1991)  o  con  el  aparato 
MagNA  Pure  Compact  de  Roche  mediante  el  MagNA  Pure  Compact  Nucleic  Acid 















La  amplificación  de  los  distintos  exones,  junto  con  su  secuencia  intrónica 
adyacente, se  llevó a cabo utilizando  los reactivos y  las  instrucciones descritas por las 








Para  la  amplificación  de  grandes  fragmentos  se  realizó  PCR  larga mediante  la 




que  no  hibridaran  con  secuencias  intrónicas  repetidas,  para  lo  que  se  utilizó  el 
programa RepeatMasker (www.repeatmasker.org),   y que tuvieran una Tm≥70°C para 
permitir  una  reacción  de  amplificación  en  2  pasos  de  la  siguiente  manera:  una 
desnaturalización  inicial de 98°C durante 30 segundos, 30 ciclos a 94°C 15 segundos, 













•  El  proceso  de  RT‐PCR  se  ha  llevado  a  cabo  partiendo  de  1µg  de  RNA  total 
extraído  a  partir  de  fibroblastos  de  piel  o  células  de  hepatoma.  Los  reactivos 
empleados fueron suministrados por    Invitrogen (SuperscriptTM  III First‐Strand Síntesis 
System  for RT  PCR  y  Platinum®  Taq DNA  polimerase),  utilizando  oligodT  y  según  las 
instrucciones de la casa comercial. 
 
•  Los  niveles  de  expresión  de  los  genes  PCCA,  PCCB  y  SRP40  se  analizaron 
mediante  cuantificación  del  cDNA  por  RT‐PCR  a  tiempo  real  (qRT‐PCR).  La 
retrotranscripción se llevó a cabo con el High Capacity cDNA Reverse Transcription kit 
de Applied Biosystems utilizando 1µg de RNA  total y  siguiendo  las  recomendaciones 
del proveedor: 
 
 Para  la  qRT‐PCR  del  mRNA  de  los  genes  PCCA  y  PCCB,  se  utilizaron  los 
oligonucleótidos APA13  localizado  en  el  exón  22  (5´‐TGCCAGTTTTCCCAGCTGTC‐3´)  y 
23AS  localizado en el exon 23 (5´‐ ACCAGACTTGCCGCAGAATT‐3´) para el gen PCCA; y 
cDNA5s localizado en el exón 5 (5´‐ATTGGCTGAATGACTCTGG‐3´) y cDNA8as localizado 







 Para  el  gen  SRp40  se  utilizó  la  sonda  Universal  Probe  Library  #88  y  los 
oligonucleótidos específicos diseñados por el probe Finder Software  (Universal Probe 
Library) de Roche Applied Science: SRp40 S (5´‐CTTCATGGCCGCTCAGAT‐3´) y SRp40 AS 









para  los  constitutivos,  se  llevó  a  cabo  el  tratamiento  matemático  para  obtener 
finalmente el parámetro Relative Quantity (RQ), que nos permite calcular y comparar 









oligo  sense  fluorescente  marcado  con  6FAM  que  hibridaba  en  el  exón  11  y  uno 
antisense  que  hibridaba  en  el  exón  14  del  gen  PCCA.  La  reacción  se  incubó  a  95°C 
durante 5 minutos, seguida de 30 ciclos a 95°C durante 25 segundos, 55°C durante 25 
segundos  y  72°C  durante  40  segundos.  Los  productos  de  amplificación  fueron 





La  purificación  de  fragmentos  de  DNA  inferiores  a  1  Kb,  obtenidos  tras 
amplificación  por  PCR  o  resultantes  de  digestión  enzimática,  se  realizó  con  los 
productos SpinClean PCR Purification Kit de MBiotech, siguiendo  las  instrucciones de 





La  secuenciación  cíclica directa  se  realizó empleando el método enzimático de 
terminación  de  cadena  de  DNA  por  incorporación  de  dideoxinucleótidos  trifosfato 
(ddNTPs)  descrito  por  Sanger  et  al.,  1977.    Las  reacciones  se  llevaron  a  cabo  en  la 
unidad  de  genómica  del  Parque  Científico  de  Madrid  (Campus  de  Cantoblanco, 


















En  las  reacciones  de  secuenciación  de  productos  amplificados  por  PCR  se 
emplearon 300 ng de DNA y para  la  secuenciación de construcciones plasmídicas  se 
empleó una cantidad de 300‐500 ng de DNA. El oligo utilizado para secuenciar estaba a 













pacientes  portadores  de  los  cambios  nucleotídicos.  Los  productos  de  estas 
amplificaciones  se  clonaron  en  el  vector  TOPO  TA  version  2.1  (Invitrogen).  Se 
transformaron  bacterias  E.coli  XL1‐Blue  (Stratagene)  y  se    seleccionaron  los  clones 
positivos, mediante escisión  con el enzima de  restricción  EcoRI. Una  vez  liberado el 
fragmento  introducido  en  cada  caso  se  clonó  en  el  vector  de  splicing  pSPL3  (Life 
Technologies)  (Figura 8), digerido previamente con el mismo enzima, utilizando el kit 
Rapid DNA ligation de Roche. En algunos casos, el vector pSPL3 digerido se desfosforiló 
previamente  con  TSAP  (Thermostable  Alkaline  Phosphatase)  de  Promega.  Las 







Figura  8.  Esquema  del  vector 
pSPL3.  Se muestran  los  sitios 3´ 
aceptor y 5´ donador de splicing 
de  la  secuencia genómica  (g) de 
estudio, así como del vector  (v). 








Promotor T7 AGCCACCATG… PCCA PCCB PCCA
1 196 1 116 197 
Met STOP
Kozak








Para expresar  in  vitro  la proteína PCCA,  se utilizó el  vector de  transcripción  in 
vitro pGEM‐11Zf(+)  (Richard et al., 1999), que  contiene el  cDNA de PCCA  (2184 pb). 




(1617pb)  se  amplificó  utilizando  como  molde  el  vector  pRcCMVB52,  del  que 
disponíamos en el laboratorio, mediante la utilización de un oligo sense que introduce 
las secuencia correspondientes al promotor T7 y al sitio de  iniciación de la traducción 











restricción  para  la  enzima  StuI  y  se  clonó  en  el  vector  pGEM‐PCCA,  digerido  con  la 
misma enzima, que corta después del codón 196 en el cDNA de PCCA. De manera que, 































exones, posterior  ligación de cada una de  las partes de  las sondas y amplificación de 
los  fragmentos  generados,  de  acuerdo  a  las  instrucciones  proporcionadas  por  el 
fabricante  y  utilizando  el  kit MLPA  SALSA  P278  PCCA  de MRC  Holland  (www.mrc‐
holland.com). Por último, 2 μl de los productos de PCR fueron mezclados con 0,2 μl del 
estándar de pesos moleculares marcados  con ROX  (LIZ‐500),  separados mediante  el 




señal de  cada  sonda  se  calcula dividiendo  la medida del  área de  cada pico entre  la 
suma del área de todos los picos de la muestra. El ratio de cada sonda se normaliza a la 
media obtenida entre 2 controles. Se considera que hay deleciones en un exón cuando 
el  ratio  es menor  de  0,65;  entre  0,35  y  0,65  si  hay  deleciones  en  heterocigosis  y 
aproximadamente  0  si  hay  deleciones  en  homocigosis.  Todas  las  deleciones 





La  expresión  in  vitro  de  las  proteínas  PCCA  y  PCCB  se  realizó  empleando  el 
sistema  comercial  TNT‐T7 Quick  coupled  transcription/rabbit  reticulocyte  translation 




Para  ensayar  el  efecto  de  los  compuestos  supresores  de  la  terminación  de  la 
traducción,  se  añadieron  distintas  concentraciones  de  G418  (0,1‐2,5  µg/mL), 


















Los  cultivos primarios de  fibroblastos procedentes de biopsia de piel,  tanto de 
individuos  control  como  de  pacientes,  así  como  células  establecidas  de  hepatoma 
(línea Hep3B de hepatoma humano) y HEK293T se han cultivado en botellas de 25 ó 75 


















las  líneas establecidas de  los fibroblastos procedentes de  las  líneas 5626‐T o 14046‐T 
deficientes en PCCA o PCCB, respectivamente (Clavero et al., 2002; Perez‐Cerda et al., 
2003) y los vectores pCMVA45‐12 y pRcCMVB52 que codifican para las proteínas PCCA 
y PCCB,  respectivamente,  en  los que  se  introdujeron, por mutagénesis dirigida,    las 
mutaciones a analizar. La transfección se llevó a cabo empleando Lipofectamine™ LTX 
(Invitrogen) y medio libre de suero OptiMEM®‐1 (GibcoBRL), siguiendo las instrucciones 






•  Para  ensayar  el  efecto  de  la  sobreexpresión  de  factores  de  splicing  se 
cotransfectaron 3 x 105 células de Hep3B con 1,5 μg del minigen de estudio y hasta 4 
μg  de  los  vectores  portadores  de  los  distintos  factores  de  splicing  y  proteínas  SR: 
U2AF35, U2AF65, SRp40, SRp55, SC35 y SF2/ASF,  y el vector que codifica para la parte 
RNA  de  la  ribonucleoproteína  U1  (U1snRNA),  utilizando  8  μl  de  Jetpei  Lipofectin® 
Reagent  (Invitrogen). Las células fueron recogidas a las 48 o 72 horas. 
 
















•  Para  el  silenciamiento  del  gen  SRP40,  se  cultivaron  1,5  x  105  células  de 
hepatoma  (Hep3B)    en  placas  estandarizadas  P6  y  se  añadió  a  las  24  horas  ON‐
TARGETplus SMARTpool siRNA contra SRP40 (Dharmacon) 100nM  junto con 6 ó 10 µl 
de Lipofectamine™ 2000  (Invitrogen) y medio  libre de suero OptiMEM®‐1  (GibcoBRL), 
siguiendo las instrucciones del proveedor. 
 
•  Para  ensayar  el  efecto  producido  por  los  oligonucleótidos  antisentido  tipo 
morfolinos (AONs), 4 x 105 fibroblastos de piel del paciente fueron cultivados en placas 
P6  o  6  x  105  en  botellas  de  25cm2.  Se  añadieron  los AONs  24  horas  después  de  la 









la  traducción,  2x105  fibroblastos  de  los  pacientes  portadores  de  las  diferentes 
mutaciones  sin  sentido  fueron  cultivados en placas P6. Distintas  concentraciones de 
los diferentes compuestos  supresores,  se añadieron 24 horas después, en medio  sin 
antibiótico:  gentamicna  sulfato  (Sigma  Aldrich)  (500‐750  μg/mL),  G418  (Gibco)  (50‐
75μg/mL) y PTC124 (Selleckchem Co) (5‐15μM). Para los tratamientos con gentamicina 


















La  determinación  de  las  actividades  enzimáticas  PCC  y  MCC  (utilizado  como 
control  intraensayo)  se  realizó  siguiendo  el  protocolo  descrito  por  Suormala  et  al., 
1985.  Cada  ensayo  se  llevó  a  cabo  en  un  volumen  final  de  200  μl,  en  la  siguiente 
mezcla de  reacción: 20 µmoles Tris‐HCl pH 8.0, 0,15 µmoles DTT, 0,628 µmoles Na2‐
ATP.3H2O, 1,2 µmoles MgCl2.6H2O, 20 µmoles KCl, 5%  (v/v) Triton X‐100, 0,2 µmoles 







de  centelleo  y  sometido  a  evaporación  a  temperatura  ambiente,  siendo 
posteriormente resuspendido en 500 µl de agua miliQ. Posteriormente, se añadieron a 
cada vial 5 ml de líquido de centelleo Optiphase Hisafe 2 (Perkin Elmer) y se procedió a 
la  determinación  de  cpm  en  el  contador  1209  Rackbeta  Liquid  Scintillation  Counter 
(Wallac). 
 
La actividad específica  residual PCC  se expresó en unidades de pmoles  [14C]O2 







Para  la  detección  de  la  proteína  PCCA,  la  extracción  de  mitocondrias  de 
fibroblastos de los pacientes se realizó por homogenización y centrifugación diferencial 
a 4°C en una solución 25mM sacarosa, 10mM Tris‐HCl, 2mM EDTA pH 7,4 e  inhibidor 
de  proteasas  Complete  Mini  EDTA‐free  Protease  Inhibitor  Cocktail  Tablets  (Roche 
Applied  Science),  siguiendo  el  protocolo  descrito  por  Bergman  et  al.,  1989  y 
posteriormente,  resuspendidas  en 20‐50  μl de una  solución  25mM  sacarosa,  10mM 
Tris‐HCl, 2mM EDTA pH 7,4.  Alternativamente, la extracción de mitocondrias se llevó a 
cabo  a partir de  los  fibroblastos de  los pacientes utilizando  el MACS® Mitochondria 
Isolation  kit  human  de  Miltenyi  Biotec.  La  determinación  de  la  concentración  de 
proteínas  se  llevó  cabo  por  el método  de  Bradford  (Bradford,  1976)  empleando  el 
reactivo  Bio‐Rad  Protein  Assay  (Bio‐Rad).  La  misma  cantidad  (~25‐30  μg)  de  las 




fueron  transferidas  a  membranas  de  PVDF  (Immobilon™‐P,  Millipore)  según  el 
protocolo descrito por Baumgartner et al., 2001. La transferencia se realizó empleando 
una  solución  24 mM  Tris  base,  192 mM  glicina,  20% metanol  según  el  protocolo 
descrito por Towbin et al., 1979, en el aparato Mini Trans‐Blot Transfer Cell (Bio‐Rad). 
Una vez finalizada, la membrana fue sometida a tres lavados de 5‐10 minutos en PBS y 







proporción  1:1000.  Tras  tres  lavados  sucesivos  de  5  min  en  PBS,  se  procedió  al 





Las  secuencias  tanto de  los  cDNAs  como de  los DNAs genómicos de  los genes 
PCCA,  PCCB, MMAB  y  SPR  fueron  obtenidas mediante  búsqueda  informática  en  las 
bases de datos públicas Ensembl (http://www.ensembl.org/index.html) y GenBank de 
NCBI  (http://www.ncbi.nih.gov/).  Las  mutaciones  reportadas  en  cada  gen  se 
consultaron en la base de datos HGMD (Human Gene Mutation Database® Professional 
release  2011.4,  www.hgmd.cf.ac.uk)    y  para  su  nomenclatura  se  han  seguido  las 
recomendaciones del HGVS (Human Genome Variation Society, http://www.hgvs.org/).  
 
Las secuencias de  las proteínas se obtuvieron en  la base de datos PDB  (Protein 
Data Bank) de SWISS‐PROT (http://www.expasy.org/sprot/).  
 
Para  la  búsqueda  de  secuencias  homólogas  en  las  bases  de  datos  públicas  se 
utilizaron programas de BLAST (http://www.ncbi.nlm.nih.gov/BLAST/). 
 
El  procesamiento  y  análisis  de  secuencias  de  DNA  se  llevó  a  cabo  con  el 
programa Chromas 1.45 (Griffith University, Australia). 
 
Para  el  diseño  de  oligos  se  utilizó  el  programa  Primer3  (v. 0.4.0) 
(http://frodo.wi.mit.edu/). 
 
La  búsqueda  de  dianas  de  restricción  en  los  fragmentos  amplificados  de  los 
genes PCCA y PCCB controles y portadores del cambio nucleotídico se realizó mediante 






HSFinder  v2.4  (http://www.umd.be/HSF/)  (Desmet  et  al.,  2009).   También,  se  ha 
comprobado  cómo  varían  los  valores  de  las  secuencias  de  splicing  con  los  cambios 
nucleotídicos encontrados, mediante programas de predicción de  sitios  conservados 




Para  la  predicción  de  la  posible  patogenicidad  y  el  efecto  funcional  de  las 




predicción  informática  PolyPhen‐2  (Polymorphism  Phenotyping  v2‐
http://genetics.bwh.harvard.edu/pph2/) y SIFT (http://sift.bii.a‐star.edu.sg/). 
 
Los p‐valores  se han estimado mediante el análisis estadístico  realizado  con el 































todo  el  mundo  para  su  diagnóstico  molecular.  Hasta  el  momento,  80  pacientes 











a  dichos  exones,  mientras  que  en  heterocigotos,  la  amplificación  y  secuenciación 
fueron normales. Esto  llevó a  la  sospecha de deleciones a nivel genómico. Tras esta 
sospecha,  se  analizó  el  número  de  copias  de  cada  fragmento  exónico  mediante 
Multiplex Ligation Probe Amplification (MLPA) con un ensayo desarrollado a medida en 
colaboración  con R. Vijzelaar  (MRC Holland,) en el que  se  incluyeron un  total de 20 








control.  Los  resultados  se  muestran  en  la  Tabla  1.  Según  estos  datos,  hay  dos 
deleciones recurrentes, la de los exones 3 y 4 que se detectó en 13 alelos (5 pacientes 
homocigotos y 3 heterocigotos) y la deleción del exón 23 que se detectó en 9 alelos (4 
pacientes  homocigotos  y  uno  heterocigoto).  El  resto  de  las  deleciones  identificadas 
sólo se encontraron en un alelo cada una.  
 
Para  aquellos  casos  en  los  que  se  disponía  de  muestras  de  los  padres,  se 
confirmó, por MLPA, la herencia mendeliana de las deleciones.  
 
En  total  se  detectaron  28  alelos  independientes  con  grandes  deleciones, 






















































































pacientes  con  deleciones  en  homocigosis.  Cada  pico  representa  un  exón  del  gen  PCCA 
(indicado  con  su  número)  o  una  sonda  control  (C).  Eje  x:  tamaño  del  fragmento,  eje  y: 
intensidad  de  fluorescencia.  Las  flechas  rojas  indican  los  exones  delecionados,  tal  y  como 






































Intrón 4Intrón 2 Intrón 22 Intrón 23















Los  puntos  de  ruptura  cromosómicos  de  las  dos  deleciones  más  frecuentes, 
citadas  anteriormente,  se  analizaron  mediante  PCR  larga  y  paseo  cromosómico 
(chromosomal walking). Para ello,  se ha utilizado  como molde el DNA  genómico de 
pacientes  homocigotos  para  estas  deleciones.  La  secuenciación  a  lo  largo  de  los 
intrones  se  realizó mediante  la utilización de distintos oligos, que  fueron diseñados, 





Kb.  Como  resultado,  se  obtuvo  una  banda  de  ~1Kb  en  uno  de  los  pacientes  y  una 
banda de ~ 5Kb en el resto de los pacientes, lo que indicó que se originaban 2 tipos de 
deleciones  diferentes  de  aproximadamente  9  y  5  Kb.  En  el  momento  de  la 
incorporación  a  este  estudio,  ya  se  había  caracterizado  la  primera  deleción 
correspondiente a 8,7 Kb  (c. 184‐727del8860), de manera que  se caracterizó  la de 5 
Kb,  identificándose una deleción de 4779 nucleótidos con el dinucleótido CA a ambos 






Kb,  por  lo  que  se  esperaría  encontrar  una  deleción  de  ~4  Kb.  Este  producto  fue 
secuenciado hasta encontrar el punto de ruptura, identificándose la deleción de 3889 
pb,  la  cual presenta  a  ambos  lados  la  secuencia GGC.  Esta mutación  fue  nombrada 








(B)  y  análisis  de  los  puntos  de  ruptura.  Se muestra  un  esquema  de  las  regiones  exónicas 

















1 2 3 4 5 6 7 8 9 11 12 13 1410 15
p.R514* (CGA>UGA)
p.R499* (CGA>UGA)p.Q139* (CAA>UAA) p.Y314*(TAC>UAA)
4.2.  CARACTERIZACIÓN  DE  MUTACIONES  SIN  SENTIDO  EN  ACIDEMIA 
PROPIÓNICA Y EFECTO DE COMPUESTOS SUPRESORES DE LA TERMINACIÓN 
 
En  una  cohorte  de  190  pacientes  con  acidemia  propiónica  genotipados  en  el 
laboratorio  (80 son PCCA y 110 PCCB), se han  identificado 12 mutaciones sin sentido 
diferentes  (Figura 12 y Tabla 2), 5 en el gen PCCA y 7 en el gen PCCB. Siete de ellas 
fueron  descritas  por  primera  vez:  las  mutaciones  p.Q371*  (c.111c>T),    p.Y380* 
(c.1140C>A)  y  p.Q611*  (c.1831C>T)  en  el  gen  PCCA  y  p.R111*  (c.331C>T),  p.Q139* 
(c.415C>T), p.Y314*  (c.942C>A)  y p.R514*  (c.1540 C>T) en el gen PCCB,  siendo  cada 
una de ellas identificadas únicamente en un paciente.  
 
Según  datos  del  laboratorio  junto  con  datos  recogidos  en  el  Human  Gene 
Mutation Database  (HGMD® Professional  release 2011.4),  las mutaciones sin sentido 
representan un porcentaje del 8 y 11% en los genes PCCA y PCCB, respectivamente. En 


































PCCA  p.R313*  c.937C>T  exón 12  UGA (A)  (Richard et al., 1999) 
PCCA  p.Q371*  c.111C>T  exón 13  UAG (G)  este trabajo 
PCCA  p.Y380*  c.1140C>A  exón 13  UAA (C)  este trabajo 
PCCA  p.S562*  c.1685C>G  exón 19  UGA (G)    (Richard et al., 1999) 
PCCA  p.Q611*  c.1831C>T  exón 20  UAG (A)  este trabajo 
PCCB  p.G94*  c.280G>T  exón 2  UGA (A)  (Perez et al., 2003) 
PCCB   p.R111*  c.331C>T  exón 3   UGA (G)         este trabajo 
PCCB  p.R113*  c.415C>T  exón 3  UGA (G)  (Brosch et al., 2008) 
PCCB  p.Q139*  c.415C>T  exón 4  UAA (A)  este trabajo 
PCCB  p.Y314*  c.942C>T  exón 9   UAA (A)  este trabajo 
PCCB  p.R514*  c.1540C>T  exón 15  UGA (A)  este trabajo 







Se  ha  analizado  el  efecto  en  la  supresión  de  la  terminación  de  los 
aminoglucósidos gentamicina y geneticina  (G418) en  los genes PCCA y PCCB, con  las 
mutaciones sin sentido citadas anteriormente, mediante un ensayo de  transcripción‐




En  ausencia  de  tratamiento,  se  observó  la  correcta  síntesis  de  las  distintas 
proteínas truncadas resultantes de la terminación de la traducción como consecuencia 
de la mutación, todas ellas del tamaño esperado, no observándose niveles detectables 
de  proteína  completa  en  ninguno  de  los  casos.  En  alguna  ocasión,  se  observaron 




Posteriormente,  se  ensayó,  en  todos  los  mutantes  sin  sentido  descritos,  la 
adición de dosis crecientes de gentamicina (2,5‐15 µg/mL) y G418 (0,1‐2,5 µg/mL) a la 
reacción  de  síntesis  para  monitorizar  y  cuantificar  la  recuperación  de  proteína 
completa. La mutación p.W531* en el gen PCCB produce una proteína  truncada con 
una deleción de tan sólo 9 aminoácidos en el extremo carboxiterminal, por  lo que no 
se pudo distinguir en  tamaño de  la proteína  completa a  la hora de querer observar 









aminoglucósidos  en  diferente medida.  Las mutaciones  p.R313*  y  p.S562*  en  el  gen 
PCCA  fueron  las  que  presentaron mayores  niveles  de  recuperación,  siendo  ambas 
portadoras del codón de parada UGA que está descrito como el más susceptible a  la 
supresión mediada por los aminoglucósidos (Manuvakhova et al., 2000). En general se 
pudo  percibir  un  efecto  dosis‐dependiente,  observándose  un  mayor  nivel  de 
recuperación en  la mayoría de  los mutantes con 15 µg/mL de gentamicina y 1 µg/mL 











































































































cambio  de  aminoácido  predecible  para  cada  una  de  ellas  fue  analizado  in  silico 
evaluando la patogenicidad de las distintas mutaciones de cambio de aminoácido, e in 
vitro midiendo  la actividad PCC  residual en un  sistema de expresión eucariota,  tal  y 
como se describe en materiales y métodos (apartado 3.2.10).  
 
Como  se puede observar en  la Tabla 3, donde  se  resumen estos  resultados,  la 
mayoría de  las mutaciones sin sentido, previsiblemente, bien revierten al aminoácido 
original, o bien cambian a una mutación de cambio de aminoácido capaz de conservar 
parcialmente  la  función  enzimática.  La  predicción  in  silico  utilizando  el  programa 
PolyPhen‐2 predijo un efecto patogénico para la mayoría de las mutaciones que no se 
correspondía  con  los  resultados  obtenidos  mediante  el  análisis  de  expresión.  Sin 
embargo, mediante el programa SIFT obtuvimos mejor correlación de manera que  la 
mayoría de las mutaciones con una actividad residual in vitro de >30% se predice que 
son  benignas,  no  afectando  significativamente  a  la  función  de  la  proteína.  La  única 
excepción  fue  la  mutación  p.S562W,  que  se  predice  como  patogénica  por  ambos 




































Tabla  3.  Análisis  in  silico  e  in  vitro  del  efecto  funcional  de  los  cambios  previsiblemente 






























































































gen  PCCB:  P3  (p.W531*/p.G470fs),  P4  (p.Y314*/p.E331*,  la  segunda  mutación 
corresponde  al  cambio  c.990dupT, no  susceptible  al  tratamiento de  supresión)  y P5 
(p.G94*/p.G470fs),  en  los  que  se  analizó  el  efecto  de  los  distintos  compuestos 



















































Los resultados referentes a  la actividad PCC se muestran en  la  figura 15. En  los 
pacientes  P1,  P2,  P3  y  P5  se  detectó  un  aumento  de  la  actividad  PCC  (de  hasta  50 
veces) con varias concentraciones de los distintos compuestos supresores. En general, 















a  los niveles de actividad de  fibroblastos control  tratados en paralelo en  las mismas 
condiciones.  En  estos  fibroblastos  control,  la  gentamicina  y  PTC124  no  tuvieron  un 
efecto significativo en los niveles de actividad, mientras que con G418 se observó una 

























































































Considerando  que  los mRNAs  portadores  de mutaciones  sin  sentido  producen 
PTCs  susceptibles  a  la  degradación  por  el mecanismo  NMD  (Kuzmiak  and Maquat, 






de  tratamiento  todos  los  pacientes  presentaban  una  disminución  en  los  niveles  de 
transcritos portadores de mutaciones  sin  sentido de entre el 1  y el 35%  respecto  a 
niveles  controles.  Tras  el  tratamiento  de  supresión  no  se  observaron  grandes 
variaciones en ninguno de  los pacientes analizados, excepto en P2 (p.S562*/p.S562*) 
donde se observó un  incremento en  los niveles de transcritos tras el tratamiento con 




















































Ya  que  todos  los  pacientes  presentaban  niveles  disminuidos  de  transcritos 
mutantes, presumiblemente debido  al NMD,  adicionalmente  se ensayó el efecto de 
inhibidores del NMD para intentar rescatar transcritos mutantes, y estudiar si con ello, 
se  incrementaban  los niveles de actividad PCC recuperada tras el tratamiento con  los 
compuestos  supresores.  Se  utilizaron  los  inhibidores  wortmanina  y  cafeína  que 
producen  la  fosforilación  de  un  factor  esencial  en  el mecanismo NMD  a  la  vez  que 
mantienen  la  síntesis  proteica  (Rio  Frio  et  al.,  2008;  Usuki  et  al.,  2004).  Para  este 
ensayo se seleccionó el P2 homocigoto para la mutación p.S562* que predeciblemente 
revierte a una mutación de cambio de aminoácido con alta actividad residual (Tabla 3) 




literatura  con  anterioridad  (Linde  et  al.,  2007;  Rio  Frio  et  al.,  2008).  Sin  embargo, 
cuando se ensayó la adición de aminoglucósidos después de las 8 horas de tratamiento 
con  los  inhibidores  no  se  encontraron  diferencias  en  los  niveles  de  actividad  PCC 
recuperados anteriormente con las células tratadas sólo con aminoglucósidos. 
 
Los  niveles  de  proteína  PCCA  o  PCCB  tras  el  tratamiento  no  pudieron  ser 

















Aproximadamente  un  15%  de  las  mutaciones  puntuales  asociadas  a 
enfermedades  genéticas  humanas  en  general,  y  a  EMH  en  particular,  afectan  al 
procesamiento del mRNA o splicing. En este trabajo se han analizado mutaciones que 
afectan  al  sitio  3´  o  5´  de  splicing  así  como mutaciones  intrónicas  que  activan  la 
inserción de pseudoexones. El análisis de dichas mutaciones incluye la secuenciación y 
cuantificación de  los  transcritos en  fibroblastos de pacientes; el análisis  in silico para 
averiguar  el  efecto  de  la mutación  sobre  potenciadores,  silenciadores  de  splicing  y 
sitios  de  reconocimiento  de  factores  de  splicing;  y  el  análisis  funcional  mediante 








Se  realizó al análisis  funcional de  las siguientes mutaciones que afectan al sitio   
3´ aceptor de splicing (Tabla 6 y figura 17): 
 
• La mutación c.1091‐11del6  (IVS10‐11del6),  identificada en el gen PCCB en un 
paciente con acidemia propiónica, que produce  la deleción de 6 nucleótidos entre  las 















MMAB,  identificada  en  heterocigosis  en  un  paciente  diagnosticado  con  aciduria 
metilmalónica. 
 








la  otra  presenta  fenotipo moderado.  La  segunda mutación,  c.448A>G  (p.R150G),  ha 
sido expresada previamente y no presenta actividad, es funcionalmente nula (Bonafe 





Para  todas  estas  mutaciones,  en  la  mayoría  de  los  casos,  los  minigenes 
reproducen  el  efecto  en  la  alteración  del  splicing  asociado  a  la  mutación  que  se 
observa en las células del paciente, lo que nos ha permitido utilizar, en algunos casos, 
dichos minigenes  como modelos  celulares  de  splicing  para  el  ensayo  de  diferentes 
aproximaciones  terapéuticas  con  el  objetivo  de  rescatar  transcritos  correctamente 
procesados. En otros casos, en los que no se disponía de células del paciente, como es 






















































Exón 4 Exón 5





























a  la  izquierda, una representación esquemática de  la  localización de  la mutación,  los valores 
(scores) de  los sitios de splicing y el perfil transcripcional observado en  los fibroblastos de  los 
























Exón 12 Exón 14
GAG gtgaaatg


























































a  la  complementariedad  con  U1snRNP,  los  scores  de  los  sitios  de  splicing  y  el  perfil 







































4.3.1.2.  Mutaciones  localizadas  en  secuencias  intrónicas  que  activan  la 
inserción de un pseudoexón 
 
Tras  el  análisis  en  cDNA  de  un  paciente  diagnosticado  bioquímicamente  con 
acidemia propiónica, se observó una  inserción de 84 pb entre  los exones 14 y 15 del 
gen  PCCA  que  correspondía  a  una  secuencia  interna  del  intrón  14,  anteriormente 













control mediante  análisis por  enzimas de  restricción.    En ninguno de  los  2  casos  se 













Figura 19. Análisis por  enzimas de  restricción de  las mutaciones  intrónicas detectadas.  Se 
muestra  el  esquema  de  los  fragmentos  amplificados  para  cada  una  de  las mutaciones,  así 









secuencias  intrónicas  que  se  comportan  como  pseudoexones.  De  manera  que  se 
analizó  in  silico  el  posible  efecto  de  cada  una  de  estas mutaciones,  observándose, 
















activan  sitios  crípticos  de  splicing  (c.654+462A>G),  o  bien  porque  afectan  al 
reconocimiento de factores de splicing  como SRp40 (c.1285‐1416A>G). 
 
Para  confirmar  la  implicación  de  estas mutaciones  en  la  inserción  de  las  los 
pseudoexones, se realizó un análisis funcional mediante un sistema de minigenes con 
el  vector  pSPL3.  En  este  caso,  se  introdujo  la  región  intrónica  que  contiene  el 












Esto  demuestra  la  implicación  de  las  mutaciones  c.1285‐1416A>G  y 
c.654+462A>G  en  la  inclusión  intrónica  de  las  secuencias  de  84  y  72  pb, 
respectivamente, que se activan y pasan a ser reconocidas como exones. 
 
La  implicación de SRp40 en  la  inclusión del pseudoexón de 84 pb fue estudiada 
utilizando RNA de  interferencia,  cotransfectando el minigen mutante portador de  la 













































































scores de  los sitios de splicing y el perfil  transcripcional observado en  los  fibroblastos de  los 
















Como  hemos  visto,  las  mutaciones  de  splicing  pueden  estar  afectando  a 
secuencias más  o menos  conservadas  que  son  reconocidas  por  factores  de  splicing 
específicos.  Experimentalmente,  se  ha  descrito  cómo  cambios  en  la  expresión  de 
alguna de las ribonucleoproteínas que forman parte del “spliceosoma” y, por lo tanto, 
cambios  en  la  estequiometría  entre  ellas,  pueden  tener  efectos  significativos  en  el 
patrón de splicing (David and Manley, 2008; Martinez‐Contreras et al., 2007). Por ello,  
hemos ensayado esta estrategia mediante  la  sobreexpresión de  factores de  splicing, 
sobre  alguna  de  las  mutaciones  caracterizadas.  Asimismo,  hemos  ensayado  la 
sobreexpresión de U1snRNAs  complementarios a  secuencias 5´ de  splicing mutantes 
para revertir el defecto en el splicing. 
  
Por  otra  parte,  se  ha  ensayado  la  utilización  de  oligonucleótidos  antisentido 






Hay  multitud  de  trabajos  que  demuestran  que  las  proteínas  SR  se  unen  a 
secuencias exónicas activando el splicing (Lavigueur et al., 1993; Sun et al., 1993; Tian 
& Maniatis,  1993).  Concretamente,  facilitan  la  unión  de  U2AF65  a  la  secuencia  de 
ramificación a través de la interacción mediada por U2AF35 y las proteínas SR, SC35 y 
SF2/ASF, que  interaccionan entre ellas  y  con U2AF35  (Tian & Maniatis, 1993, Wu & 
Maniatis,  1993).  Es  previsible  que  la  función  de  los  ESEs  fuera  especialmente 




SRP55  sobre  las mutaciones que afectan al  sitio 3´de  splicing:  c.1091‐11del6,  c.394‐








elimina  un  sitio  de  unión  para  SRp40.  Tras  analizar  el  patrón  de  splicing  que  había 
tenido  lugar  en  el  minigen  mutante  tras  la  sobreexpresión,  se  observó  que,  en 
















al.,  2008).  Sin  embargo,  el  análisis  por  secuenciación  reveló  que  la  banda  obtenida 
correspondía a la utilización de un sitio críptico de splicing localizado en el exón 23 a 6 
nucleótidos  aguas  abajo  de  la  mutación  (Figura  21).  Este  sitio  se  sustituyó  por 
mutagénesis dirigida de ag a gg de manera que el score de splicing de éste disminuía 
según  el  programa  informático Human  Splicing  Finder  (http://www.umd.be/HSF)  de 
77,31 a 72,46. Utilizando esta nueva construcción mutante se obtuvo otro  transcrito 




















se  observó,  en  ningún  caso,  recuperación  de  transcritos  normales.  Por  lo  que  se 







El  primer  paso  en  la  formación  del  “spliceosoma”  es  el  reconocimiento  por 
complementariedad de bases entre el sitio 5´ de splicing del pre‐mRNA y el extremo 5´ 
del RNA de  la ribonucleoproteína U1 (Zhuang and Weiner, 1986). Está descrito que al 
aumentar  la  complementariedad  entre  ambos  sitios  puede  aumentar  el 












esta  mutación  y  el  vector  que  codifica  para  el  RNA  de  U1snRNP  (U1  wt).  Como 
resultado, no se observaron diferencias en el perfil transcripcional. Posteriormente, se 
ensayó  la  utilización  de  una  construcción  de U1, modificado  específicamente  en  el 





acidemia  propiónica  (3  en  homocigosis  y  1  en  heterocigosis),  se  localiza  en  el 
nucleótido  +3  del  intrón  13  del  gen  PCCA  disminuyendo  también  la 
complementariedad  de  U1snRNA  y  el  sitio  5´de  splicing  (Figura  18).  Por  ello,  se 
procedió a ensayar, de  igual manera,  la cotransfección del minigen mutante portador 
de  la mutación  y U1snRNA modificado específicamente en el nucleótido de unión  a 




splicing  incluye  los 3 últimos nucleótidos del exón y  los 8 primeros del intrón (Freund 
et al., 2005). Con el  fin de profundizar en el papel de  los distintos nucleótidos en el 
reconocimiento exónico, y, apoyándonos en concreto en esta última mutación, ya que 
es una mutación  frecuente de  la que se disponía de  fibroblastos de varios pacientes 
homocigotos, se modificó, por mutagénesis dirigida, el vector que contiene U1snRNA,  
de manera que, además del vector U1+3C, se realizaron otras tres construcciones más 
con  modificaciones  en  los  nucleótidos  de  las  posiciones  +5  y  +6  (U1+3C+5T  y 
U1+3C+5T+6T), importantes en el reconocimiento por parte de ambas secuencias, tal y 
como se ha descrito en  la  literatura  (Guedard‐Mereuze et al., 2009; Zychlinski et al., 
2009).  Además,  se  realizó  una  última  construcción  modificada  además  en  los 






























sitio 5´ de splicing (wt)
(IVS13+3A)




sitio 5´ de splicing (mut)
(IVS13+3G)
5´…GAG gugaaaug…3´ sitio 5´ de splicing (mut)(IVS13+3G)
sitio 5´ de splicing (mut)
(IVS13+3G)5´…GAG gugaaaug…3´
GUC cacuuuua -5´
5´…GAG gugaaaug…3´ sitio 5´ de splicing (mut)
(IVS13+3G)
CUC cacuuuuc -5´































el  patrón  de  splicing  que  tiene  lugar  in  vivo,  ya  que  el  porcentaje  de  transcritos 
normales  es muy minoritario  (Figura  18),  se  decidió  ensayar  la  transfección  de  los 
distintos U1snRNAs modificados, directamente sobre los fibroblastos correspondientes 
a  las  líneas celulares de dos pacientes que presentan  la mutación en homocigosis. En 
ninguno  de  los  dos  casos  se  observó  ningún  efecto  con  las  construcciones U1 wt  y 
U1+3C; sin embargo, con las otras 3 construcciones se pudo observar recuperación de 
transcritos  normales,  siendo  prácticamente  del  100%  con  la  construcción  U1IVS13 
(Figura  23A).  En  las mismas  condiciones,  se  transfectó  una  línea  celular  control,  no 
observándose ninguna alteración del perfil  transcripcional normal  (Figura 23B). Cada 
una  de  las  bandas  identificadas  fue  caracterizada,  en  todos  los  casos,  mediante 
secuenciación.  
 
Como  agentes  de  transfección  para  estos  ensayos  se  utilizaron  tanto 
Lipofectamina  LTX  como  Nucleofector,  observándose  en  ambos  casos,  resultados 
similares, aunque la eficiencia de transfección medida paralelamente con un plásmido 
control que codificaba para GFP, fue bastante más alta con la nucleofección. Asimismo, 
como  control  adicional,  la  expresión  de  las  distintas  construcciones  de  U1snRNA 

































En  las  células  de  los  pacientes,  mediante  RT‐PCR  estándar,  no  observamos 
ningún transcrito aberrante adicional (por ejemplo, por activación de un sitio críptico 
de  splicing o por exclusión de exones adyacentes),  sin embargo, éstos podrían estar 
produciéndose  y no  ser detectados por estar  fuera de  fase  y  ser degradados por el 
mecanismo NMD. En este caso, estos transcritos aberrantes no serían rescatados por 
la  sobreexpresión  de  los  distintos  U1snRNAs  modificados,  limitando  su  acción 
terapéutica. Para descartar esta posibilidad, se ensayó en los mismos experimentos de 
sobreexpresión de  los U1snRNAs modificados,  con  los que  se  rescataban  transcritos 
normales  (U1+3+5,  U1+3+5+6  y  U1  IVS13),  el  efecto  de  la  adición  de  diferentes 
concentraciones (10 y 100 µM) de wortmanina, inhibidor del NMD, 6 horas antes de la 
recogida de células  (Rio Frio et al., 2008; Usuki et al., 2004). Mediante RT‐PCR no se 




fluorescentes  y  analizando,  posteriormente,  los  fragmentos  obtenidos  por 
























Figura  24.  Análisis  por 
electroforesis  capilar  de  los 
productos  de  RT‐PCR 
semicuantitativa  de  la  región 
del  exón  13  del  gen  PCCA.  Se 
utilizó  un  oligonucleótido 















La  recuperación  funcional  de  la mutación  c.1209+3A>G  (IVS13+3A>G),  tras  la 
sobreexpresión de U1snRNAs modificados,  fue ensayada a  través de  la medida de  la 












detectar  proteínas  mitocondriales  unidas  a  biotina,  no  se  detectó  proteína  PCCA 























En  estudios  previos  en  el  laboratorio,  se  ha  estudiado  que  la  inserción  de 
pseudoexones provocada por mutaciones  localizadas en  secuencias  intrónicas puede 
impedirse con la utilización de oligonucleótidos antisentido tipo morfolino (AONs), que 




En  este  trabajo,  esta  terapia  fue  ensayada  en  un  paciente  portador  en 
heterocigosis de  la mutación  intrónica c.654+462A>G en el gen PCCB, anteriormente 
descrita,  y  responsable  de  la  inclusión  aberrante  de  un  pseudoexón  de  72  pb.  Al 
encontrarse la mutación en heterocigosis y debido al NMD, el transcrito aberrante sólo 







Figura 26.  Efecto del  tratamiento  con  cicloheximida  sobre  los  fibroblastos de un paciente
portador en heterocigosis de la mutación c.654+462A>G en el gen PCCB. La figura muestra el
perfil  transcripcional obtenido por RT‐PCR y  la  representación esquemática de  los productos
obtenidos, tras su caracterización por secuenciación.  
Figura 25. Detección de proteínas mitocondriales biotiniladas  en  fibroblastos  control  y de 
uno de los pacientes portadores de la mutación c.1209+3A>G (IVS13+3A>G) en homocigosis 




















































Figura  27. Medida  de  la  actividad  propionil  CoA  carboxilasa  en  fibroblastos  control  y  del 
paciente con la mutación c.654+462A>G tras la transfección con distintas concentraciones de 



























En  este  trabajo,  se  han  caracterizado  reordenamientos  genómicos  en  el  gen 











La mayoría  de  las mutaciones  detectadas  en  los  genes  PCCA  y  PCCB  son  de 
cambio  de  aminoácido.  En  los  últimos  años,  se  han  descrito  reordenamientos 
genómicos  en  muchas  enfermedades  genéticas,  coincidiendo  con  la  aparición  de 
distintas técnicas que permiten medir dosis génica. Las deleciones exónicas en muchas 















provienen  de  Australia,  Europa  y  EE.UU.  En  total,  se  identificaron  8  deleciones 
diferentes por MLPA, de  la cuales dos  fueron  las más  recurrentes:  la deleción de  los 
exones 3‐4 y  la deleción del exón 23, que tiene una frecuencia de 6,8%. En  los alelos 
que presentaban la deleción de los exones 3 y 4,  se detectaron 2 deleciones diferentes 
en  el  análisis  en  gDNA:  una  de  8,8  y  otra  de  4,7  kb.  La  deleción  de  4,7  Kb  (c.184‐





































Con  este  estudio,  el  porcentaje  de  detección  de mutaciones  en  el  gen  PCCA 
asciende  a  ~98,5%,  con  lo  que  quedan  ~1,5%  de  alelos  aún  sin  caracterizar  que 
corresponden a pacientes con sólo una mutación identificada. El segundo alelo podría 
portar una mutación en regiones implicadas en la regulación o, más probablemente en 
regiones  intrónicas  que  normalmente  no  se  secuencian  por  completo,  pudiendo 
afectar al  splicing y generar  la  inserción de un pseudoexón en el mRNA,  con  lo que 
estos  transcritos  aberrantes  no  serían  detectados  al  ser  degradados  por  el  sistema 
NMD (Du et al., 2007).  
 
En  las tres deleciones en  las que se han caracterizado  los puntos de ruptura, se 
han identificado secuencias repetitivas, ya sean secuencias Alu o repeticiones simples a 
ambos  lados  de  la  deleción,  probablemente  implicadas  en  la  generación  de  las 













la  secuencia  intrónica  según  RepeatMasker.  Según  la  base  de  datos  de  variantes 
genómicas (http://projects.tcag.ca/variation), hay descrita una inversión y varias CNVs 















de  expresión  eucariota  resultando  en  una  ausencia  total  de  actividad  residual 
confirmando su patogenicidad.  
 




PCCA  y  PCCB,  responsables  de  acidemia  propiónica,  que  corresponden 
aproximadamente  al  10%  de  los  alelos  mutantes,  con  el  objetivo  de  ensayar 
estrategias  terapéuticas  basadas  en  la  supresión  de  la  terminación  de  la  traducción 
mediada por diferentes compuestos. 
 
La  acidemia  propiónica  es  un  buen modelo  para  ensayar  el  efecto  de  estos 
compuestos. Actualmente,  no  hay  tratamiento  para  esta  enfermedad  y,  en muchos 
casos,  el  deterioro  neurológico  es  inevitable.  Esta  terapia  puede  ser  relevante 
terapéuticamente  ya  que  en  AP,  pacientes  con  mutaciones  que  retienen  cierta 
actividad  residual presentan  fenotipos  intermedios  (Perez‐Cerda et al., 2000),  lo que 
concuerda  con  estudios  realizados  en  un  modelo  knock  out  PCCA  de  ratón  que 





son  portadores  de  PTCs,  generando  la  producción  de  proteínas  truncadas.  En  los 





la enfermedad; así  como por el  tipo de mutaciones  sin  sentido,  la  vida media de  la 
proteína, el tiempo en que comienza el tratamiento en relación con la patogénesis de 





total  de  12 mutaciones,  en  una  cohorte  de  190  pacientes  con  AP  en  la  población 





AP  y  su  secuencia  contexto.  Ninguna  de  las  mutaciones  sin  sentido  identificadas 
portaban el  tetranucleótido UGAC, descrito por ser el más susceptible a  la supresión 
(Keeling  and  Bedwell,  2002).  Dentro  de  las mutaciones  analizadas  en  el  gen  PCCA 
observamos  una  mayor  supresión  para  las  mutaciones  p.R313*  y  p.S562*,  ambas 
portadoras del codón de parada UGA, lo que concuerda con estudios previos (Keeling 
et al., 2001; Manuvakhova et al., 2000). Sin embargo, en las mutaciones analizadas en 
el  gen  PCCB  no  se  pudo  establecer  una  conclusión  clara,  además  de  que 
aparentemente  la  recuperación  de  proteína  completa  después  del  tratamiento 






cambio de aminoácido previsiblemente  inducidas  tras  la supresión para cada una de 
las mutaciones. Tras el análisis se concluyó que la mayor parte de las proteínas PCCA y 
PCCB  completas,  predeciblemente  generadas,  retienen  cierta  actividad  enzimática 
(Tabla  3).  Los  resultados  in  silico  han  de  ser  interpretados  con  precaución,  siendo 
aconsejable  la  utilización  de más  de  un  programa  y  verificarlos  experimentalmente 
siempre que sea posible. En nuestro caso, el efecto de  las mutaciones de cambio de 
aminoácido  analizadas  experimentalmente  mediante  un  sistema  de  expresión 
eucariota,  se  correlacionó mejor  con  las  predicciones  bioinformáticas  del  programa 
SIFT (Tabla 3). 
 
De  los  estudios  realizados  en  fibroblastos  de  pacientes  portadores  de  las 
mutaciones sin sentido analizadas, se puede concluir que, al  igual que ocurre  in vitro, 
aquellas  que  introducen  el  codón  de  parada  UGA  son  las  más  susceptibles  al 
tratamiento  supresor.  En  concreto,  los  niveles  de  actividad  PCC  más  altos  se 
observaron  para  el  P3  (Figura  15),  heterocigoto  para  la  mutación  p.W531*  que 
previsiblemente  revierte al aminoácido original,  junto con el P2, homocigoto para  la 
mutación p.S562* que coincide con los niveles más altos de recuperación de proteína 
completa  in  vitro  y  que  previsiblemente  resulta  en  una  proteína  con  alta  actividad 
residual  in  vitro  (Figura  14  y  Tabla  3).  Los  niveles  de  recuperación  más  altos  se 
observaron con G418 a 50 y 75 µg/mL y con gentamicina a 300 µg/mL, mientras que a 
500 µg/mL en general el efecto es menor, sugiriendo un efecto tóxico a esta dosis. Con 
PTC124  se  observaron  unos  niveles  más  moderados  de  recuperación  en  los 
fibroblastos de los pacientes (Figura 15), siendo nulo en los ensayos in vitro tal y como 





La  variación  en  los  niveles  de  actividad  recuperados  con  los  distintos 








aminoácidos  incorporados  en  lugar  del  PTC  en  cada  caso;  también  a  factores 
epigenéticos y/o modificadores genéticos. Un ejemplo de ello es la respuesta diferente 
que se obtuvo durante la fase 2 del tratamiento con PTC124 en pacientes con fibrosis 





y  ex  vivo,  se  han  observado  algunas  diferencias,  tal  y  como  ha  sido  observado 
previamente  en  aciduria  metilmalónica  (Buck  et  al.,  2009).  Las  limitaciones  más 
importantes para la extensión de esta terapia a situaciones ex vivo son, por un lado, la 
especificidad  de  los  agentes  supresores  por  los  codones  de  parada  prematuros  (en 




(Tabla 5), que podría deberse  a una  supresión de  la  terminación  sobre el  codón de 
parada original tal y como ha sido observado previamente en otros trabajos (Hein et al, 
2004),  aunque  serían  necesarios  más  estudios  al  respecto  de  esta  supresión  no 
específica que aclaren este hecho. En  los  fibroblastos de  los pacientes analizados, se 
observó una bajada  significativa de  los niveles de  transcritos, de  los  cuales  tan  sólo 
entre  el  1  y  el  35%  de  ellos  evadieron  el  mecanismo  NMD,  siendo  por  tanto 
susceptibles a  la supresión de  la terminación mediada por  los distintos compuestos y 
resultando  en una proteína PCC  completa; esto  explica que  los niveles de  actividad 
recuperados en los fibroblastos de los pacientes no sean especialmente elevados.  
 
No  se  observó  un  efecto  sobre  la  estabilidad  del  mRNA  tras  los  diferentes 
tratamientos, tal y como se ha descrito con anterioridad (Buck et al., 2009; Hein et al., 
2004;  Popescu  et  al.),  aunque  hay  autores  que  sí  han  descrito  un  aumento  en  los 
niveles de mRNA tras el tratamiento con aminoglucósidos (Bellais et al., 2010). Aunque 
los  resultados  obtenidos  con  la  utilización  del  inhibidor  del  NMD  wortmanina  no 
fueron muy concluyentes (ya que aunque sí que se observó un aumento de transcritos 
mutantes, no así un aumento de los niveles de actividad enzimática tras  la adición de 
los  aminoglucósidos),  en  este  sentido  se  ha  ensayado  el  silenciamiento  génico  de 





En  resumen,  nuestros  resultados,  en  concreto  en  acidemia  propiónica, 
proporcionan una prueba de concepto de que las mutaciones sin sentido identificadas 
en  los genes PCCA y PCCB pueden  ser  susceptibles a  la  supresión de  la  terminación 
mediada  por  diferentes  compuestos,  con  diferentes  eficiencias  dependiendo  de  la 
mutación  sin  sentido  analizada,  y que una  recuperación  funcional  terapéuticamente 
relevante en pacientes es posible, dados los resultados obtenidos en modelos celulares 




derivados  de  aminoglucósidos  (Hainrichson  et  al.,  2008)  u  otros  compuestos  no 
aminoglucósidos como RT13 y RT14 (Du et al., 2009) o PTC124 (Welch et al., 2007), en 









que  afectan  al  splicing  siendo  múltiples  las  nuevas  terapias  moleculares  y 
farmacológicas  que  se  han  ido  desarrollando  para  este  tipo  de  mutaciones.  En 
particular, en este trabajo se han analizado mutaciones de splicing en los genes PCCA y 
PCCB  responsables  de  acidemia  propiónica,  donde  el  porcentaje  de  este  tipo  de 




investigar  los  mecanismos  moleculares  del  splicing,  a  la  vez  que  como  estrategia 
terapéutica para corregir defectos en el splicing responsables de enfermedad.   
 
Las mutaciones  descritas  en  este  trabajo  han  sido  analizadas  tanto  in  silico, 
mediante programas bioinformáticos disponibles que predicen el valor de los sitios de 






En  este  trabajo  se  han  analizado  cinco mutaciones  que  afectan  a  secuencias 
conservadas de splicing:  las mutaciones c.1091‐11del6  (PCCB), c.394‐1G>C  (MMAB), 
c.1209+3A>G (PCCA), c.290G>A (MMAB) y c.304G>T (SPR). Tres de ellas, se  localizan 
en secuencias intrónicas, de la cuales, una afecta al ag invariable del sitio 3´de splicing, 





de  cómo  una  mutación  puede  afectar  al  procesamiento  del  pre‐mRNA,  pero  no 
siempre son totalmente precisas, por lo que es importante además, realizar el análisis 








RNA  del  paciente.  Los  resultados  obtenidos  en  los  minigenes  confirmaron  que  la 
mutación  es  responsable  de  un  defecto  en  el  splicing,  aunque  ciertos  transcritos 
procesados  correctamente  podrían  estar  presentes  resultando  en  la  mutación  de 
cambio de aminoácido p.G102C que retiene cierta actividad residual. Con estos datos 
podría explicarse el  fenotipo  intermedio y  la variabilidad en  las diferentes  formas de 




splicing  sobre  el  perfil  transcripcional  es  el  skipping  del  correspondiente  exón, 
produciendo  una  deleción  ya  sea  en  fase  o  fuera  de  fase.  En  algunos  casos  al 
interrumpirse  los  sitios  originales  3´  o  5´  de  splicing  se  ven  activados  nuevos  sitios 






De  todas  las  mutaciones  analizadas,  en  la  mayoría  de  ellas  el  análisis  por 
minigenes  ha  reproducido  el  defecto  en  el  splicing  observado  en  las  células  del 
paciente,  sin embargo no  siempre es así  (Tablas 6 y 7). En concreto, en  la mutación 







hereditaria  (Svenson  et  al.  2001),  o  bien  porque  en  realidad  se  produzcan  otros 
transcritos,  degradados  por  el  sistema  NMD.  En  cualquier  caso,  siempre  que  sea 
posible, el perfil transcripcional ha de ser confirmado en las células de los pacientes.  
 
En  los  últimos  años,  se  ha  investigado  sobre  numerosas  aproximaciones 
terapéuticas que modifican el patrón de splicing de un pre‐mRNA mutante o eliminan 
un mRNA patológico asociado a una determinada mutación. En este  trabajo,  se han 
ensayado  distintas  estrategias  terapéuticas  como  son  la  sobreexpresión  de  diversos 
factores de splicing y de U1snRNAs modificados. 
 
Para  determinar  la  importancia  de  los  distintos  factores  reguladores  en  el 
reconocimiento  exónico  y  evaluar  la  posibilidad  de  nuevas  aproximaciones 
terapéuticas, se ensayó el efecto de la sobreexpresión de diversos factores de splicing 
y  proteínas  SR.  Las  proteínas  SR  intervienen  en  el  ensamblaje  temprano  del 
“spliceosoma”,  favoreciendo  el  reclutamiento  y  la  estabilización  de  U1snRNP  y  el 
factor  auxiliar  de  U2snRNP  (U2AF)  en  los  sitios  5´  y  3´de  splicing,  respectivamente 
(Kohtz  et  al.,  1994;  Staknis  and  Reed,  1994;  Zuo  and Maniatis,  1996),  siendo  estas 
interacciones  esenciales  para  definir  los  límites  exón‐intrón.  En  el  modelo  de 




secuencias en el RNA e  interaccionan  simultáneamente con  factores asociados en el 
sitio 5´ de splicing  (U1‐70K) y en el sitio 3´ del  intrón  (U2AF), a través de una red de 
interacciones  proteína‐proteína  donde  están  implicados  los  dominios  RS  de  estas 
proteínas. La función mejor caracterizada de las proteínas SR en el splicing alternativo 
es  la  regulación de  sitios  3´ débiles,  generalmente  caracterizados por un  sitio  3´ de 
splicing imperfecto pobremente reconocido por U2AF. A través de la unión a ESEs, las 
proteínas  SR  favorecen  el  reclutamiento  de  U2AF  al  sitio  3´  y  seguidamente  de 
U2snRNP (Zuo and Maniatis, 1996; Graveley et al., 2001; Guth et al., 2001).   
 
Se ensayó el efecto de  la sobreexpresión de  los factores U2AF35, U2AF65 y  las 
proteínas  SR:  SC35,  SRp40,  SF2/ASF  y  SRp55  sobre  las  mutaciones  descritas  que 
afectan al sitio 3´ de splicing: c.1091‐11del6, c.394‐1G>C, y  la mutación c.2041‐2A>G 
que  había  sido  previamente  analizada  en  el  laboratorio  (Clavero  et  al.,  2004).  Se 
consiguió modular  en  cierta manera  el  patrón  de  splicing  para  la mutación  c.2041‐
2A>G al sobreexpresar  la proteína SC35 y el factor U2AF35, o bien con  la cafeína que 
aumenta la expresión de SC35 tal y como se ha visto en genes asociados a cáncer (Shi 










Por otra parte,  la sobreexpresión de  la parte RNA de U1snRNP  (U1snRNA) ha 
sido  ensayada  para  distintas  mutaciones  que  afectan  al  sitio  5´de  splicing,  por 
considerarse la interacción por complementariedad de bases entre el sitio 5´de splicing 
y  los  11  últimos  nucleótidos  del  extremo  5´  de  U1  snRNA,  uno  de  los  pasos 
fundamentales en  la definición de este  sitio de  splicing. También  se ha demostrado 
que un mayor apareamiento de bases entre ambas  secuencias aumenta  la  inclusión 
exónica,  la eficiencia del splicing y  la estabilidad del pre‐mRNA  (Freund et al., 2005). 






Dentro de  las mutaciones descritas que afectan al  sitio 5´ donador de  splicing, 
agrupadas en las inmediaciones de la unión exón‐intrón, el 64% de ellas descritas en el 
HGMD afectan al dinucleótido conservado gt  (Krawczak et al., 2007). Las mutaciones 










skipping  del  exón  13.  En  humanos,  en  el  sitio  +3  ambas  bases,  A  y  G,  están 
prácticamente  igual  de  conservadas  (Figura  29),  habiéndose  descrito  variaciones 
similares (+3A>G) que provocan un splicing aberrante (Guedard‐Mereuze et al., 2009). 
Respecto a la compensación por parte de otras bases, se ha descrito que, en concreto 
cuando  en  la  posición  +3  se  localiza  una  guanina,  el  apareamiento  correcto  en  las 















La  altura  de  cada  letra  indica  la  frecuencia  de  los  distintos  nucleótido  en  cada  una  de  las 
posiciones del sitio 5´ de splicing obtenidas a partir de la comparación de 49.778 secuencias 5´ 
de  splicing  (Carmel  et  al.,  2004).  La  complementariedad  de  bases  con  el  nucleótido 
correspondiente  en  U1snRNA  está  marcado  por  una  barra  vertical  para  apareamientos 
altamente  frecuentes  (>0,7%) o por dos puntos para  los menos  frecuentes  (<0,7%).  Imagen 
modificada de Carmel et al., 2004.  
 
La  sobreexpresión  de  distintos  U1snRNAs  wildtype  y  modificados 
compensatoriamente en  la posición +3, así como en otros nucleótidos de unión a  la 
secuencia  mutante  (Figura  22),  fue  ensayada  en  los  fibroblastos  de  los  pacientes 
portadores de la mutación c.1209+3A>G en homocigosis. Los resultados indican que, la 
falta  de  unión  de  U1snRNA  al  sitio  5´  de  splicing  es  parcialmente  responsable  del 
skipping  del  exón  13  y  confirma  que,  en  este  caso,  el  procesamiento  correcto  del 





una  complementariedad  más  extensa  con  la  secuencia  5´  de  splicing  desde  las 
posiciones  ‐3 a  la +8  (Figuras 22 y 23). El hecho de que  la  construcción U1+3C, aun 
recuperando el número de bases apareadas con el sitio 5´de splicing normal, no sea 
capaz de  restablecer el perfil  transcripcional,  sugiere que  la  interacción entre ambas 
secuencias  no  es  el  único  evento  involucrado  en  el  reconocimiento  e  inserción  del 
exón. Es probable que la mutación afecte a la afinidad del sitio 5´ de splicing con otros 












de  la  complementariedad de  las bases en  las posiciones  +5  y +6 para observar una 
corrección del defecto en el splicing. Estos resultados concuerdan con  los observados 
en trabajos similares en otros genes, en  los que un U1snRNA de complementariedad 
más  extensa  ha  sido  necesario  para  la  inclusión  del  exón,  en  ensayos  realizados 
mediante minigenes (Guedard‐Mereuze et al., 2009; Tanner et al., 2009).  
 
Según  nuestros  datos,  tras  la  utilización  de  las  distintas  construcciones  de 
U1snRNAs modificados sobre las células de los pacientes, a pesar de haber observado, 
en algunos casos, una recuperación de prácticamente el 100% de transcritos normales, 
no  se  detectó  recuperación  de  la  proteína  PCC,  ni  de  la  actividad  enzimática,  en 
ninguno  de  los  casos.  Se  descartó  la  posibilidad  de  una  contribución  de  transcritos 
mutantes alternativos, mediante un ensayo de RT‐PCR semicuantitativa, en  la que se 
utilizaron    oligos  fluorescentes  y  se  analizaron  los  productos  obtenidos  por 
electroforesis capilar, en presencia y ausencia del  inhibidor del NMD, wortmanina. Se 
observó  que  la  mutación  producía  exclusivamente  transcritos  aberrantes  con  el 
skipping del exón 13 y que, tras el tratamiento con U1snRNA, se acumulaban niveles 
normales  de  transcritos  correctamente  procesados  (Figura  24).  Lo  que  no  pudimos 
descartar fue un efecto inespecífico de U1snRNA en elementos claves necesarios para 
la traducción o el ensamblaje del heteropolímero PCC que  impidiera  la  formación de 
una proteína activa, cómo nos pueden  llevar a pensar  los resultados obtenidos en  la 
detección de  la proteína PCCA  tras  la  sobreexpresión de U1snRNAs modificados que 
resultó en la ausencia de proteína PCCA biotinilada (Figura 25). Se han descrito efectos 
sobre  el  splicing  y  la  poliadenilación  de  algunos  premRNAs  con  la  utilización  de 
U1snRNAs  con  extremos  5´ modificados  (Gunderson  et  al.,  1998),  igualmente no  se 




funcional  y  actividad  enzimática PCC  en  fibroblastos de  los pacientes después de  la 
modulación  del  splicing  con  oligonucleótidos  antisentido,  dirigidos  para  impedir  el 
reconocimiento  de  pseudoexones,  que  se  introducen  de  manera  aberrante  en  el 
mRNA.  Es  importante  comentar  que,  en  la  sobreexpresión  de  U1  se  utiliza  una 
molécula de RNA que es un  factor de splicing natural, modificado de manera que se 
una de una manera más estable al sitio 5´ de splicing, lo que podría inhibir la entrada 
















celulares  (Fernandez  Alanis  et  al.,  2012).  Estos U1snRNAs  son,  además,  capaces  de 
recuperar el perfil transcripcional de mutaciones  localizadas no sólo en secuencias 5´ 
de  splicing  sino  también  en  el  tracto  polipirimidínico  o  en  secuencias  exónicas 
reguladoras,  además  de  recuperar  proteína  funcional  para  varias  mutaciones  de 
splicing mediante  la utilización de un vector de expresión como modelo celular de  la 
deficiencia de uno de  los factores de coagulación (Fernandez Alanis et al., 2012). Por 
todo  esto,  estos  U1snRNAs  se  sugieren  como  una  aproximación  terapéutica 
prometedora  para  las  mutaciones  de  splicing.  Asimismo,  la  sobreexpresión  de 






et  al.,  2004;  Tanner  et  al.,  2009),  en  líneas  celulares  de  los  pacientes  o modelos 
animales de la enfermedad, como primer paso de la investigación de la aplicabilidad in 
vivo  de  la  terapia.  En  conjunto,  resultados  similares  como  los  propuestos 
recientemente en Fernandez Alanis et al., 2012, aclararían cuestiones acerca de si  la 
recuperación  funcional que no ha  sido posible  rescatar en este estudio es específica 
del gen o de la mutación analizada. En cualquier caso, los resultados obtenidos sobre la 
modulación  del  splicing mediante  la  utilización  de  factores  de  splicing  han  de  ser 
interpretados con precaución, ya que éstos ejercen diferentes funciones dentro de  la 





En  este  trabajo,  también  hemos  analizado  dos mutaciones:  c.1285‐1416A>G 





de  splicing  que  aumenta  de  0,93  a  1  (mutación  c.654+462A>G),  o  bien  en  el 
reclutamiento  de  factores  de  splicing  auxiliares  como  SRp40  (mutación  c.1285‐
1416A>G)  (Tabla  8,  Figura  20).  Este  último  hecho  no  pudo  ser  demostrado 








En aquellas enfermedades en  las que se ha podido calcular,  la frecuencia de  las 
mutaciones que activan  la  inserción de un pseudoexón varía en  torno al 2‐5% de  los 
alelos mutantes (Perez et al., 2010), aunque presumiblemente la frecuencia puede ser 












sitios  naturales.  En  un  estudio  anterior,  se  ensayó,  concretamente  la  utilización  de 
AONs  tipo  mofolino  en  los  fibroblastos  de  dos  pacientes  AP,  portadores  en 
homocigosis  de  las  mutaciones  c.1285‐1416A>G  (gen  PCCA)  y  c.654+462A>G  (gen 
PCCB)    recuperándose  en  ambos  casos  valores  de  actividad  normal.  El  efecto  de  la 
transfección con  los AONs persiste hasta 15 días después de  la transfección (Perez et 
al., 2009). La recuperación de la actividad, al impedir la incorporación del pseudoexón 




En este  trabajo,  se empleó esta misma  aproximación  sobre  fibroblastos de un 
paciente  portador  de  la  mutación  c.654+462A>G  (gen  PCCB)  en  heterocigosis, 
demostrando que existe recuperación parcial de la actividad PCC alcanzándose valores 
muy próximos a  la normalidad. Estos valores pueden considerarse  terapéuticamente 
significativos  teniendo  en  cuenta  que  para  enfermedades  recesivas,  una  actividad 




Además de en acidemia propiónica, esta  terapia ha  sido utilizada  con éxito en 
otras  EMH,  como  la  aciduria metilmalónica,  donde  se  identificaron  dos mutaciones 
intrónicas  diferentes  que  producen  la  inserción  del  mismo  pseudoexón,  que  fue 
eficientemente  excluido,  recuperando  la  actividad  enzimática  (Perez  et  al.,  2009). 
También  ha  sido  ensayada  en  un  paciente  con  deficiencia  en  fosfomanomutasa  2 
(PMM2), portador de una mutación en heterocigosis responsable de la inserción de un 












Las  mayores  dificultades  para  la  utilización  in  vivo  de  estos  AONs,  es  su 
vehiculización para que puedan  llegar a tejidos de  interés, así como  la determinación 
de  la  dosis  óptima  que  permita  obtener  simultáneamente  la  recuperación  de  los 
transcritos de  interés, sin provocar una  toxicidad elevada. Si el AON es administrado 
sistémicamente  debe  ser  estable  en  el  torrente  sanguíneo,  resistente  a  nucleasas, 
capaz  de  llegar  a  las  células  diana,  cruzar  la  membrana  celular,  escapar  de  los 
endosomas  celulares  y  llegar  al  núcleo.  Con  este  propósito,  se  han  desarrollado  un 
amplio  grupo  de  derivados  de  nucleótidos,  de  nueva  generación,  modificados 
químicamente,  bien  sea  en  la  propia  ribosa,  mediante  la  utilización  de bases  no 
naturales o mediante alteraciones en el esqueleto  fosfato  (Kurreck, 2003), entre  los 
que  se  encuentran,  además  de  los morfolinos  utilizados  en  este  trabajo,  los  locked 
nucleic acid (LNA), que presentan mayor afinidad y más específica a la secuencia diana, 
resultando  en  una  alta  eficiencia  a  bajas  concentraciones  (Guterstam  et  al.,  2008). 
Como  agentes  de  vehiculización  de  los  AONs,  se  están  evaluando  los  péptidos 
catiónicos  (Du  et  al.,  2011)  o  la  utilización  de  nanopartículas  poliméricas  tipo 
dendrímeros  (Dufes et al., 2005).  Las nanopartículas de varios  tipos ofrecen muchas 
ventajas  como  agentes de  vehiculización  ya que pueden  llevar  cientos de  copias de 
AONs  y  pueden  ser  conjugados  con  ligandos  que  le  confieran  gran  afinidad  por  las 
células diana. La eficacia de un dendrímero octa‐guanidino covalentemente unido a un 
oligomero  antisentido  tipo morfolino  (vivo‐morfolino)  ha  resultado  ser  efectivo  en 





Para  enfermedades  neurogenéticas,  la  incapacidad  de  los  AONs  de  cruzar  la 
barrera hematoencefálica y  llegar de manera eficiente a células diana en el cerebro, 
limita  en  gran medida  la  aplicación  clínica  de  esta  estrategia  terapéutica.  En  este 





correctamente  procesado  es  transcrito  en  su  contexto  y  mediante  su  maquinaria 
natural,  siendo más  fácil  de  implementar  que  la  terapia  génica.  Por  otro  lado,  es 
específica para cada gen y mutación en concreto, por  lo que  la aplicación terapéutica 
de  cada  AON  se  limita  a  uno  o  pocos  pacientes,  siendo  englobada  dentro  de  la 
tendencia  actual  de  una  medicina  personalizada,  dirigida  a  mutaciones  concretas, 
identificadas en cada paciente. Hasta la fecha, los estudios tanto en modelos animales 
(Alter et al., 2006), como en ensayos clínicos en humanos en DMD son prometedores 
con  resultados  que  muestran  una  buena  eficacia  bioquímica  y  un  buen  perfil  de 
seguridad  (Cirak et al., 2011 ; Goemans et al., 2011).  
 






ascendido  a  ~98,5%,  implementándose  esta  técnica  en  el  laboratorio  como 
complementaria  para  el  diagnóstico  de  pacientes  con  defectos  en  el  gen  PCCA.  
Asimismo,  se  ha  caracterizado  el  efecto  de  variantes  nucleotídicas  exónicas  o 
intrónicas, presentes en varios genes responsables de distintas EMH, sobre el splicing. 
Por otra parte, los resultados que se presentan tienen un valor terapéutico añadido, ya 
que  se demuestra que  las mutaciones  sin  sentido  identificadas en  los genes PCCA  y 
PCCB son susceptibles al tratamiento con compuestos supresores de la terminación de 
la  traducción,  y  que  algunas  de  las mutaciones  de  splicing,  identificadas  en  varios 
genes  responsables  de  distintas  EMH,  pueden  ser  moduladas  bien  mediante  la 
sobreexpresión de  factores de  splicing o U1snRNAs modificados, o bien mediante  la 
terapia antisentido utilizada para mutaciones  intrónicas  responsables de  la  inserción 































1. Se ha  implementado  la utilidad de  la  técnica MLPA para el genotipado de  los 




2. Se ha establecido  la prueba de concepto de que  las mutaciones sin sentido en 
AP  pueden  ser  susceptibles  a  la  supresión  de  la  terminación mediada  por  distintos 
compuestos,  con  diferentes  eficiencias  dependiendo  de  la mutación  y  la  secuencia 
contexto, demostrando una recuperación funcional terapéuticamente relevante en las 





3. El  análisis  in  silico  y  funcional mediante minigenes de  variantes nucleotídicas 
exónicas  e  intrónicas,  identificadas  en  distintos  genes  responsables  de  EMH,  ha 





ser modulado mediante  la  sobreexpresión  de  factores  de  splicing  y  de  U1snRNAs 




5. Se ha confirmado  la eficiencia de  la terapia antisentido para revertir el efecto 
de  una  mutación  que  genera  la  exonización  de  una  secuencia  intrónica,  con  una 




6. Los  resultados  presentados  en  este  trabajo  han  permitido  profundizar  en  el 
conocimiento  de  los  mecanismos  patogénicos  de  las  diferentes  variantes  alélicas, 
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ABSTRACT: Aminoglycosides and other compounds can
promote premature termination codon (PTC) readthrough
constituting a potential therapy for patients with nonsense
mutations. In a cohort of 190 propionic academia (PA)
patients, we have identified 12 different nonsense muta-
tions, six of them novel, accounting for 10% of the mutant
alleles. Using an in vitro system, we establish the proof-of-
principle that nonsense mutations in the PCCA and PCCB
genes encoding both subunits of the propionyl-CoA car-
boxylase (PCC) enzyme can be partially suppressed by
aminoglycosides, with different efficiencies depending on
the sequence context. To correct the metabolic defect, the
amino acid incorporated at the PTC should support pro-
tein function, and this has been evaluated in silico and
by in vitro expression analysis of the predicted missense
changes, most of which retain partial activity, confirming
the feasibility of the approach. In patients’ fibroblasts cul-
tured with readthrough drugs, we observe a fourfold to
50-fold increase in the PCC activity, reaching up to 10–
15% level of treated control cells. The ability to partially
correct nonsense PCCA and PCCB alleles represents a po-
tential therapy or supplementary treatment for a number
of propionic acidemia (PA) patients, encouraging further
clinical trials with readthrough drugs without toxic effects
such as PTC124 or other newly developed compounds.
Hum Mutat 00:1–8, 2012. C© 2012 Wiley Periodicals, Inc.
KEY WORDS: nonsense mutations; aminoglycosides;
ataluren; PCCA; PCCB
Introduction
There is now compelling evidence that aminoglycosides can sup-
press premature termination codon (PTC) mutations in mam-
malian transcripts both in vitro and in vivo at levels that restore
physiologically relevant amounts of protein [Kuzmiak and Maquat,
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2006; Linde and Kerem, 2008]. Historically, the first demonstra-
tion that aminoglycosides could suppress PTC in a defective hu-
man gene was carried out in cystic fibrosis [Bedwell et al., 1997;
Howard et al., 1996]. Since then, PTC readthrough has been doc-
umented in vitro and in cellular and animal models of different
disorders, including cystic fibrosis, Duchenne muscular dystrophy,
Hurler’s syndrome, diabetes, cystinosis, X-linked retinitis pigmen-
tosa, and ataxia–telangiectasia among others [Barton-Davis et al.,
1999; Grayson et al., 2002; Keeling et al., 2001; Lai et al., 2004].
Aminoglycosides promote readthrough by mimicking the con-
formational change in 16S RNA that would be induced by a cor-
rect codon–anticodon pair, thereby compromising the integrity of
codon–anticodon proofreading during translation. Thus, a near-
cognate amino acid is inserted at the stop codon, resulting in the syn-
thesis of a full-length protein. As a general rule, glutamine is inserted
at nonsense UAG or UAA codons, whereas UGA miscode to trypto-
phan [Harrell et al., 2002; Nilsson and Ryden-Aulin, 2003]. Several
studies have shown that the sequence context, that is, the identity of
the stop codon as well as the surrounding sequence, strongly influ-
ence readthrough efficiency. In particular, stop codon UGA followed
by a C is most susceptible to aminoglycoside-mediated readthrough
[Keeling and Bedwell, 2002; Manuvakhova et al., 2000].
Several human trials were carried out to test the efficacy of the
aminoglycoside gentamicin on functional restoration of full-length
protein in cystic fibrosis and Duchenne and Becker muscular dys-
trophy patients. However, results were hampered by the toxic side
effects (nephrotoxicity and ototoxicity) of long-term treatment and
the need for regular intravenous administration [Finkel, 2010]. With
the aim of identifying alternative compounds for optimal suppres-
sion of nonsense mutations without eliciting toxic side effects, sev-
eral studies using high throughput screens or designer aminogly-
cosides have been carried out [Du et al., 2009; Hainrichson et al.,
2008; Welch et al., 2007]. One promising compound identified in
high throughput screens is PTC124 or ataluren, which shows potent
PTC suppression while preserving the natural termination codon
and offering the advantages of having no obvious toxic effects and
being orally bioavailable [Welch et al., 2007]. Several clinical trials
are ongoing to evaluate the safety and activity of ataluren in cystic
fibrosis and hemophilia type A and B (http://www.ptcbio.com/).
It is clear that the nature and pathophysiology of the disorder
as well as the spectrum of nonsense mutations may influence the
therapeutical outcome with readthrough drugs; thus, the feasibility
of this treatment strategy must be evaluated in each case. In the
past years, our group has studied the molecular basis of propionic
acidemia (PA; MIM# 606054), one of the most frequent organic
acidemias worldwide, caused by mutations in the PCCA (MIM#
23200) and PCCB genes (MIM# 232050), encoding both subunits
of the biotin-dependent propionyl-CoA carboxylase enzyme (PCC,
C© 2012 WILEY PERIODICALS, INC.
Author ProofE.C. 6.4.1.3). PCC catalyzes the conversion of propionyl-CoA to
methylmalonyl-CoA and is one of the key enzymes in the catabolic
pathway of the amino acids valine, isoleucine, methionine, and
threonine, as wells as of odd-chain fatty acids and the side chain
of cholesterol. The PCC holoenzyme is an α6β6 dodecamer, with
the α subunit containing the biotin carboxyl carrier protein and
the biotin carboxylase domains, whereas the β subunit supplies
carboxyltransferase activity. Recent crystallographic evidence has
shown that α subunits are arranged as monomers decorating a
central β6 hexamer [Huang et al., 2010].
PA shows a wide range of clinical manifestations ranging from a
severe neonatal form with ketoacidosis, poor feeding, lethargy, fail-
ure to thrive, seizures, and encephalopathy to a milder, later-onset
chronic form with less impaired neurological outcome. Progres-
sion of symptoms, if not promptly treated, leads to death within
few days or to severe brain damage [Fenton et al., 2001]. Current
treatment of PA relies on several, often combined, strategies such as
administration of biotin and metronidazole, restriction of precursor
amino acids, supplementation of L-carnitine, and prevention of the
catabolic state. Liver or combined liver–kidney transplantation has
been performed in some cases, improving the outcome and quality
of life of patients [de Baulny et al., 2005]. However, in most of the
cases, treatment does not effectively prevent neurological deterio-
ration and the long-term outcome is unsatisfactory [Fenton et al.,
2001].
Mutation analysis has identified more than 70 pathogenic mu-
tations in each of the PCCA and PCCB genes, including missense,
frameshift, insertion, deletion, and nonsense changes [Desviat et al.,
2004] (Human Gene Mutation Database [HGMD R©] professional
release, 2011). In this study, we have focused on the nonsense mu-
tations identified in a large cohort of PA patients and investigated
the potential drug-mediated readthrough to restore PCC function
as a therapeutical approach.
Materials and Methods
Patients’ Fibroblasts and Mutation Analysis
Primary fibroblasts from PA patients carriers of nonsense muta-
tions and primary fibroblast cell line GM 08680 from the Human Ge-
netic Mutant Cell Repository, National Institute of General Medical
Sciences (Camden, NJ) used as control were grown in minimum es-
sential medium supplemented with 1% glutamine, 10% fetal bovine
serum, and antibiotics. Ethical approval for the use of human sam-
ples in this study was granted by the Institutional Ethics Committee
(Universidad Auto´noma de Madrid Madrid, Spain). Mutation anal-
ysis was carried out with complementary DNA (cDNA) and/or ge-
nomic DNA samples from fibroblasts or whole blood, as previously
described [Rincon et al., 2007]. Mutation nomenclature follows the
recommended guidelines of the Human Genome Variation Society
(www.HGVS.org). Nucleotide numbering is based on cDNA refer-
ence sequence GenBank accession numbers NM_000282.3 (PCCA)
and NM_000532.4 (PCCB). Mutation nomenclature was validated
using Mutalyzer 2.0 β-8 (http://www.mutalyzer.nl/2.0).
Cloning of Reporter Vectors for Transcription–Translation
Assays
To assay the in vitro translation of PCCA proteins, PCCA cDNA
(2106 bp) cloned in the pGEM-11Zf(+) vector [Richard et al.,
1999] was used. The PCCA mutations p.R313∗, p.Q371∗, p.Y380∗,
p.S562∗, and p.Q611∗ were introduced by PCR mutagenesis us-
ing the QuickChange mutagenesis kit (Agilent Technologies, Santa
Clara, CA). For PCCB, different constructs were used. PCCB cDNA
(1620 bp) was amplified using a sense primer that introduces the T7
promoter and the consensus Kozak sequences adjacent to the ATG
initiation codon (5′-TAATACGACTCACTATAGGAACAGCCACC-
ATGGCGGCGGCATTACGGGTG-3′) and cloned in pCR2.1-TOPO
vector (Invitrogen, Carlsbad, CA). PCCB mutations p.Q139∗,
p.Y314∗, p.R514∗, and p.W531∗ were then introduced by PCR muta-
genesis in this construct. For the remaining PCCB mutations p.G94∗,
p.R111∗, and p.R113∗, predictably resulting in small truncated pro-
teins with low methionine and cysteine content (labeled amino acids
used in the transcription–translation [TNT] assay), precluding effi-
cient labeling and detection, a hybrid construct encoding a PCCA–
PCCB fusion protein was cloned. PCCB cDNA was amplified from
codon 1 to codon 116 with primers introducing an StuI restriction
site and cloned in pGEM–PCCA digested with the same enzyme that
cuts after codon 196 in PCCA cDNA. The final construct encodes
for a protein containing the first 196 amino acids from PCCA, fol-
lowed in frame with the first 116 amino acids from PCCB and then
with amino acids 197 to 704 from the PCCA protein, with an over-
all molecular weight of approximately 92 kDa. The construct was
fully sequenced and validated in TNT assays, where a band of the
expected molecular weight was detected. PCCB mutations p.G94∗,
p.R111∗, and p.R113∗ were then introduced by PCR mutagenesis.
In these cases, PCR products obtained using primers to amplify the
complete hybrid cDNA and the T7 promoter sequence were used as
templates for the TNT assay. Bands of the expected molecular weight
of the truncated proteins were observed after the TNT reaction.
Coupled TNT Assay
T7 transcription/rabbit reticulocyte translation system from
Promega (Madison, WI) was used for protein synthesis. Each re-
action was done at 30◦C for 90 min and contained 500–750 ng
of plasmid or 1.25 μg of amplified product, 10 μl of TNT T7
Quick Master Mix (Promega), and 1 μl of L-[35S]-methionine-
cysteine (EasyTag EXPRESS 35S Protein Labeling Mix, [35S], 7mCi;
PerkinElmer, Waltham, MA). To assay the effect of the readthrough
drugs, a range of different concentrations of G418 (0.1–2.5 μg/ml;
Gibco BRL, Grant Island, NY), gentamicin sulfate (1.25–20 μg/ml;
Sigma–Aldrich, St. Louis, MO), and PTC 124 (0.03–10 μM; Sell-
eckchem, Shanghai, China) were added to the TNT reaction, ac-
cording to previously published procedures [Keeling and Bedwell,
2002]. The [35S]-labeled polypeptides resulting from these reactions
were separated by sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis and then revealed after overnight exposure at–70◦C in Q1
autoradiography films. Protein quantification was performed using
a calibrated densitometer GS-800 (Bio-Rad Laboratories, Hercules,
CA). The readthrough levels were calculated as the amount of full-
length protein produced relative to the sum of the truncated and
full-length protein and expressed as percentages.
Messenger RNA Quantification
The levels of PCCA and PCCB transcripts in patients’ fibrob-
lasts were analyzed by quantitative reverse-transcription polymerase
chain reaction (qRT-PCR) in a LightCycler R© 480 instrument (Roche Q2
Applied Sciences, Indianapolis, IN). For messenger RNA (mRNA)
isolation, cultured patients’ fibroblasts were harvested and mRNA
was obtained with TriPure Isolation Reagent (Roche Applied Sci-
ences) or with the MagNA Pure Compact RNA isolation kit and
system (Roche Applied Sciences), following the manufacturer’s rec-
ommendations.
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Gene Mutation nt change Location Stop codon (fourth nt) Reference
PCCA p.R313∗ c.937C>T Exon 12 UGA (A) [Richard, et al., 1999]
PCCA p.Q371∗ c.1111C>T Exon 13 UAG (G) This work
PCCA p.Y380∗ c.1140C>A Exon 13 UAA (C) This work
PCCA p.S562∗ c.1685C>G Exon 19 UGA (G) [Richard, et al., 1999]
PCCA p.Q611∗ c.1831C>T Exon 20 UAG (A) This work
PCCB p.G94∗ c.280G>T Exon 2 UGA (A) [Perez, et al., 2003]
PCCB p.R111∗ c.331C>T Exon 3 UGA (G) This work
PCCB p.R113∗ c.415C>T Exon 3 UGA (G) [Brosch, et al., 2008]
PCCB p.Q139∗ c.415C>T Exon 4 UAA (A) This work
PCCB p.Y314∗ c.942C>A Exon 9 UAA (A) This work
PCCB p.R514∗ c.1540C>T Exon 15 UGA (A) This worka
PCCB p.W531∗ c.1593G>A Exon 15 UGA (A) [Rodriguez-Pombo, et al., 1998]
aPreviously reported in a meeting abstract and recorded in the HGMD.
Total RNA obtained as described above was retrotranscribed us-
ing the High-Capacity cDNA Archive Kit (Applied Biosystems)Q3
and amplified using the LightCycler R© 480 SYBR Green I Mas-
ter (Roche Applied Sciences) with primers located in exon 22
(5′-TGCCAGTTTTCCCAGCTGTC-3′) and exon 23 (5′-ACCAG-
ACTTGCCGCAGAATT-3′) of the PCCA gene, and in exon 5
(5′-ATTGGCTGAATGACTCTGG-3′) and exon 8 (5′-CAGGGG-
CAGGTAGTTGAAGA-3′) of the PCCB gene. Glyceraldehyde 3-
phosphate dehydrogenase (GAPDH) mRNA expression level wasQ4
used as an endogenous control. PCR was performed in a total
volume of 20 μl, containing 0.5–2 μl of cDNA product, 5 μl of
LightCycler R© 480 SYBR Green I Master (Roche Applied Sciences),
and PCR primers at a final concentration of 125 nM each. The
data were analyzed using the LightCycler R© software (Roche Ap-
plied Sciences) to correlate relative initial template concentration
to the cycle threshold (Ct), obtaining the relative quantity (RQ),
which is defined as follows: RQ = 2–Ct, where Ct = (Ct
patient cell line–Ct control cell line) and Ct = (Ct target gene
[PCCA, PCCB]–(Ct housekeeping gene [GAPDH]).
Determination of PCC Activity
PCC activity was determined in fibroblast protein extracts
by measuring the enzyme-dependent incorporation of [14C]-
bicarbonate into acid-nonvolatile products, as described in Suor-
mala et al. [1985]. Protein was measured by the Lowry method.
In Silico and In Vitro Expression Analysis of Missense
Changes
The in silico analysis of the predicted missense change introduced
by aminoglycoside treatment was performed with the bioinfor-
matics applications: PolyPhen-2 (http://genetics.bwh.harvard.edu/
pph2/) and SIFT (http://sift.bii.a-star.edu.sg/).
For in vitro analysis, stably transformed fibroblasts derived from
a PCCA- and PCCB-deficient cell line [Clavero et al., 2002; Perez-
Cerda et al., 2003] were used. PCCA and PCCB missense mutations
were introduced by PCR mutagenesis (QuickChange Mutagenesis
kit; Agilent Technologies) in the pCMVA45-12 and pRcCMVB52
vectors coding for wild-type PCCA and PCCB cDNAs, respectively.
Transfection was achieved by lipofection using Lipofectamine LTX
(Invitrogen) cotransfecting 2 μg of the mutant PCCA or PCCB
vectors and 2 μg of the wild-type partner PCCB or PCCA constructs
to achieve maximal expression, as previously described [Clavero
et al., 2002; Perez-Cerda et al., 2003]. PCC activity was assayed in
cells harvested 72 hr after transfection. Experiments were performed
in duplicate.
Readthrough Drug Treatment in Patients’ Fibroblasts
All cells used had less than 10 passages. Cells (2 × 105) were
plated in P6-wells and 24 hr after readthrough drugs were added in
medium without antibiotics. Different concentrations of gentamicin
sulfate (500–750μg/ml; Sigma–Aldrich), G418 (50–75μg/ml; Gibco
BRL), and PTC124 (5, 10, and 15 μM; Selleckchem) were used,
according to previous studies [Bellais et al., 2010; Lai et al., 2004].
For treatment with gentamicin and G418, fresh media and drugs
were replaced at 72 hr and cells were harvested after 5 days of
treatment. For PTC124 treatment, cells were harvested 72 hr after its
addition. For experiments using nonsense-mediated decay (NMD)
inhibitors, cells were plated and treated as described above, and
8 hr before harvesting, 5–20 μM wortmannin (Sigma–Aldrich) or
7.5 mM caffeine (Sigma–Aldrich) was added. After cell harvest,
mRNA was quantified and PCC activity was analyzed in parallel.
Results
Spectrum of Nonsense Mutations in PA Patients
As reference laboratory, our center receives samples from PA pa-
tients worldwide to perform genetic analysis of the PCCA and PCCB
genes. In the past years, 80 PCCA and 110 PCCB patients have been
genotyped, with a mutation detection rate of 99.9%. In this co-
hort of patients, we have identified 12 different nonsense mutations
(Table 1), five in the PCCA gene and seven in the PCCB gene;
six of them are novel—namely, p.Q371∗ (c.1111C>T), p.Y380∗
(c.1140C>A), and p.Q611∗ (c.1831C>T) in the PCCA gene, and
p.R111∗ (c.331C>T), p.Q139∗ (c.415C>T), and p.Y314∗ (c.942C>A)
in the PCCB gene—each of them identified in only one patient. The
other nonsense mutations identified have been previously reported
and are described in the HGMD (HGMD professional release, 2011).
According to our results and those in the HGMD, nonsense muta-
tions represent 8 and 11% of the mutations in the PCCA and PCCB
genes, respectively. Most of them correspond to UGA stop codons
(Table 1).
In Vitro Readthrough of PA Nonsense Mutations
To test the effect of aminoglycosides as representative compounds
with readthrough potential, we assayed the expression of nonsense-
bearing PCCA and PCCB proteins in the presence of gentamicin
and G418 in a mammalian-coupled TNT assay. In the absence of
treatment, truncated proteins of the expected size for each of the
12 nonsense mutations described above were synthesized in levels
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Figure 1. Effect of aminoglycosides on in vitro readthrough of non-
sense mutations in the PCCA and PCCB genes in the TNT system. The
figure shows representative experiments for the p.R313∗, p.S562∗, and
p.Y380∗ mutations in the PCCA gene.
comparable to wild-type protein. No full-length protein was de-
tectable for the mutants tested. Occasional extra bands were ob-
served in the translation products, presumably corresponding to
other open reading frames in the template vector or degradation
products of the synthesized proteins. Increasing doses of gentam-
icin (2.5–15 μg/ml) and G418 (0.1–2.5 μg/ml) were added to the
Q5
synthesis reaction, and the appearance of full-length protein was
monitored and quantified. Figure 1 shows the results of represen-
tative experiments, and a summary of the results obtained for all
mutations at selected aminoglycoside concentrations is depicted in
Figure 2. In the case of PCCB mutant protein p.W531∗ resulting in
a carboxy-terminal deletion of nine amino acids, the small differ-
ence in size precluded precise separation of wild-type and truncated
protein; so, no quantification of the effect of aminoglycosides could
be carried out. Depending on the mutation tested, the estimated
amount of full-length protein varied from less than 1 to 25%. The
results demonstrate that at least eight naturally occurring mutations
are amenable to suppression by aminoglycosides to a detectable
extent. Mutations with highest levels of aminoglycoside-mediated
readthrough were p.R313∗, p.S562∗, and p.Q611∗ in the PCCA gene.
A dose-dependent effect was generally observed, with the highest
readthrough occurring for most mutants at 15 μg/ml of gentamicin
and at 1 μg/ml of G418. In general, at higher concentrations, over-
all protein synthesis was inhibited, as previously observed by other
authors [Lai et al., 2004]. When both drugs were added together to
the synthesis reaction, we observed no synergistic effects (data not
shown). For mutants p.R113∗, p.Q139∗, and p.R514∗ in the PCCB
gene, no full-length protein was detectable in the conditions tested.
PTC124 (ataluren) was also tested in the TNT assay at concentra-
tions 0.03–10 μM for mutations p.R313∗ and p.S562∗ in the PCCA
gene, shown to be responsive to aminoglycoside-mediated nonsense
suppression. No full-length protein was detectable in these condi-
tions.
In Silico and In Vitro Analysis of the Predicted Missense
Changes Induced by Aminoglycoside Treatment
Gln and Trp are the two most common amino acid insertions for
stop codon readthrough; glutamine is inserted at nonsense UAG or
UAA codons, whereas UGA miscode to tryptophan [Brooks et al.,
2006; Harrell et al., 2002; Nilsson and Ryden-Aulin, 2003]. The
predicted amino acid changes in our series of PA nonsense muta-
tions were analyzed both by an in silico approach evaluating the
pathogenicity of the missense mutation and by expression analy-
sis in a eukaryotic system to quantify the associated PCC residual
activity. With this study, we sought to analyze the feasibility and
the potential of a functional recovery of the suppressed nonsense
mutations in PA. The results are shown in Table 2. Most nonsense
mutations will predictably be translated reverting to the original
amino acid or change to a missense mutation that is capable of
Figure 2. Estimation of full-length protein synthesized from each mutant construct in the TNT system as a result of the different aminoglycoside
treatments. The results are the mean of at least three experiments.
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Readthrough
Predicted functional effect
Gene Nonsense mutation Predicted change PolyPhen-2 (score)a SIFT (score)b In vitro residual activity (%)c
PCCA p.R313∗ p.R313W Damaging (1.000) Damaging (0.00) 2.6 ± 2.3
p.Q371∗ p.Q371Q Original amino acid Original amino acid Wild type
p.Y380∗ p.Y380Q Benign (0.025) Tolerated (0.32) 34.5 ± 2.9
p.S562∗ p.S562W Damaging (0.494) Damaging (0.03) 67.8 ± 9.5
p.Q611∗ p.Q611Q Original amino acid Original amino acid Wild type
PCCB p.G94∗ p.G94W Damaging (0.999) Tolerated (0.08) 38.4 ± 2.5
p.R111∗ p.R111W Damaging (0.976) Tolerated (0.19) 49.7 ± 3.6
p.R113∗ p.R113W Damaging (0.989) Damaging (0.02) 11.7 ± 2.7
p.Q139∗ p.Q139Q Original amino acid Original amino acid Wild type
p.Y314∗ p.Y314Q Damaging (1.000) Damaging (0.00) 10.0 ± 0.6
p.R514∗ p.R514W Damaging (0.992) Tolerated (0.05) 67.1 ± 5.9
p.W531∗ p.W531W Original amino acid Original amino acid Wild type
aPolyPhen-2 (http://genetics.bwh.harvard.edu/pph2/). Score ranges from 0 (neutral) to 1 (damaging).
bSIFT (http://blocks.fhcrc.org/sift/SIF.html). Score ranges from 0 (damaging) to 1 (neutral).
cRelative to wild-type levels.
supporting partial enzyme function, as verified by expression anal-
ysis. The in silico prediction using PolyPhen-2 predicted a damaging
effect for most of the missense changes with different scores that, in
general, did not correlate with the results of the expression analysis.
Using SIFT, we obtained a better correlation, as mutations predictedQ6
to be tolerated, exhibited in vitro relative activity values greater than
30%. The only exception was mutation p.S562W, predicted to beQ7
damaging by both programs and found to have the highest residual
activity by expression analysis (Table 2).
Ex Vivo Readthrough of PA Nonsense Mutations: Functional
Analysis in Patients’ Fibroblasts
Available primary fibroblasts from PA patient carriers of non-
sense mutations in at least one allele were cultured for 5 days in the
presence of increasing amounts of gentamicin (300–1000 μg/ml)
or G418 (30–100 μg/ml), or for 3 days with PTC124 (5–100 μM),
and PCC activity was subsequently analyzed. The samples included
patients P1 and P2, homozygous for the PCCA mutations p.R313∗
and p.S562∗, respectively, and the following heterozygous PCCB-
deficient patients P3 (p.W531∗/p.G470fs), P4 (p.Y314∗/p.E331∗, the
second mutation corresponding to variant c.990dupT, not suscep-
tible to readthrough treatment), and P5 (p.G94∗/p.G470fs).
In all fibroblast samples, a detectable increase in the PCC ac-
tivity (up to 50-fold) could be observed at several concentrations
of the readthrough compounds (Fig. 3 and Supp. Table S1), with
best results generally obtained with 300 μg/ml gentamicin and 50–
75 μg/ml G418. Overall, the recovered PCC activity was up to 10–
15% of the activity levels in control fibroblasts treated in parallel.
In the latter, gentamicin had no significant effect, whereas G418
and PTC124 resulted in a 40–60% reduction in PCC activity (Supp.
Table S1). Treatment at longer times in patient fibroblasts did not
result in higher PCC activity levels (data not shown). The absence of
commercially available antibodies sensitive enough to detect PCCA
and PCCB proteins in human fibroblasts precluded protein analysis.
Considering that mRNAs encoding nonsense mutations resulting
in premature stop codons may be subject to degradation via NMD,
thus reducing the amount of mutant mRNA available for trans-
lational readthrough [Kuzmiak and Maquat, 2006], we analyzed
PCCA and PCCB transcript levels by qRT-PCR. All patient cells had
decreased amounts, with values ranging from 1–35% of wild-type
levels. After readthrough drug treatment, we measured mRNA levels
in P1–P4 fibroblasts, and no significant differences were observed,
except for sample P2 with G418 and PTC124 (Fig. 4).
We further investigated the effect of NMD inhibitors wortman-
nin and caffeine, which act by phosphorylation of an essential NMD
Figure 3. Effect of readthrough drugs on the PCC activity in fibroblasts from patient carriers of nonsense mutations. The results are the mean
from at least two experiments performed in duplicate.
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Figure 4. Quantification by qRT-PCR of PCCA (for P1 and P2) and PCCB (P3 and P4) mRNA levels in fibroblast samples untreated or cultured
with different concentrations of readthrough drugs. The x-axis represents the results of the relative quantification expressed as percentages. Data
represent the mean ± SD of two experiments performed in triplicate. DMSO, dimethyl sulfoxide.
factor while preserving protein synthesis [Usuki et al., 2004; Rio Frio
et al., 2008]. Fibroblasts from patient P2 homozygous for mutation
p.S562∗ predictably reverting to a missense change with high residual
activity (Table 2) and responsive to aminoglycoside treatment were
Q8
incubated with 5–20 μM wortmannin or 7.5 mM caffeine for 8 hr.
With 20 μM wortmannin, a 1.5-fold to twofold increase in PCCA
transcript levels was evidenced, in line with previous observations
[Linde et al., 2007; Rio Frio et al., 2008]. However, this increase
only resulted in less than 25% wild-type transcript levels, and no
substantial differences in restored PCC activity were observed be-
tween cells treated with aminoglycosides alone or in combination
with wortmannin or caffeine (data not shown).
Discussion
PA is a good model for evaluating drug-induced readthrough.
There is currently no effective treatment available, and in many
cases, neurological deterioration is unavoidable. However, studies
in a PCCA knockout mouse model have revealed that the presence
of as low as 10–20% of PCC activity in liver, resulting from a low
expression transgene, can significantly improve the outcome, pre-
venting neonatal lethality [Miyazaki et al., 2001]. Here, we report
six novel nonsense mutations, and a total of 12 different nonsense
changes in a cohort of 190 Caucasian PA patients. Roughly, 10%
of the patients carry at least one nonsense mutation, which is rel-
evant, as certain compounds have been shown to suppress PTCs
in genetic disease and allow for generation of full-length protein.
Given the data variability in the literature for different disorders, it
is at present unknown whether different nonsense mutations in a
specific gene will be responsive or not to readthrough drugs. Our
results provide a proof-of-concept that naturally occurring non-
sense mutations in PA can be effectively suppressed by readthrough
drugs, with different efficiencies depending on the nonsense muta-
tion tested, and that a therapeutically relevant functional recovery
in patients is feasible, given the results obtained in cellular models
of disease.
Our in vitro study with the TNT system is focused on naturally oc-
curring nonsense mutations, therefore precluding a thorough anal-
ysis of different sequence contexts on readthrough effect. In the
nonsense mutations identified, no optimal UGAC tetranucleotides
reported to have the highest response to aminoglycosides [Keeling
and Bedwell, 2002], were present. Considering PCCA mutants, we
do observe a trend toward higher nonsense suppression for muta-
tions p.R313∗ and p.S562∗ with an UGA stop codon, correlating with
previous studies [Keeling et al., 2001; Manuvakhova et al., 2000].
However, for PCCB mutants, no clear conclusions can be drawn.
Overall, treatment effects appear to be more significant for PCCA
mutations, which could be due to differences in the reporter vector
or in the experimental procedures in each case.
After confirming in vitro nonsense suppression in PA, our study
goes one step further to investigate the biological activity of the syn-
thesized protein, which is lacking in other studies, just focused at the
detection of full-length protein. Taking into account the predicted
amino acid insertion at the termination codon as a consequence of
aminoglycoside treatment and the results of in silico and in vitro
analysis, we can conclude that a major fraction of the full-length
PCCA and PCCB proteins generated will retain PCC enzymatic
activity (Table 2). Our results confirm that in silico predictions, al-
though useful, should be interpreted with caution and may work for
some proteins or for some mutations better than for others. More
than one program should be used to obtain reliable results, as each
uses different algorithms, including or not available structural and
phylogenetic analysis [Thusberg and Vihinen, 2009]. In our hands, Q9
SIFT resulted in a more accurate prediction of the missense effect, as
verified using a well-established expression analysis system [Clavero
et al., 2002].
Studies with cultured patient cell carriers of nonsense muta-
tions and devoid of PCC activity showed that in certain conditions,
aminoglycoside treatment generated detectable activity, with values
reaching up to 10–15% of treated control cells, similar to other stud-
ies where functional recovery was quantified [Keeling et al., 2001].
P3 fibroblasts heterozygous for the PCCB mutation p.W531∗ pre-
dictably reverting to the original amino acid exhibited the highest
functional recovery, along with P2 fibroblasts homozygous for the
PCCA mutation p.S562∗, with highest in vitro readthrough and pre-
dictably resulting in a protein with high residual activity. Overall,
genotypes with UGA stop codons appear to be most responsive.
The increase in PCC activity with gentamicin is generally lower at
500 μg/ml than at 300 μg/ml, suggestive of a toxic effect. It should
be noted that in cultured primary fibroblasts, the concentration of
aminoglycosides used are much higher than in in vitro assays due
to associated permeability problems, which may increase with con-
tinued passage of the cells [Keeling et al., 2001]. In this respect, the
different functional response may also reflect differences in cell pas-
sage number, as well as variability in the amounts of different amino
acids incorporated at the stop codon, or the fact that patients’ fibrob-
lasts P1 and P2 are homozygous, whereas the other fibroblasts are
heterozygous for the nonsense mutation. In some cases, the relative
effects of each compound differ in the in vivo and in vitro systems,
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some authors have reported positive results with G418, whereas in
the same assay, PTC124 was not effective [Dranchak et al., 2011], in
line with our results in the TNT system.
One major limitation in vivo may be the availability of nonsense-
bearing transcripts, given the role of NMD in their degradation. In-
deed, greatly decreased PCC mRNA levels were detected, although in
the PA, fibroblasts analyzed up to 35% of the transcript escape NMD
and are available for full-length protein synthesis in the presence of
aminoglycosides, which explains the functional recovery observed.Q10
No significant effect on mRNA stability was observed with the differ-
ent treatments for P1, P3, and P4, whereas some effect was detected
for sample P2, although no clear conclusions can be drawn from
the results. In the literature, some authors reported no increase in
mRNA levels with aminoglycosides [Buck et al., 2009; Hein et al.,
2004; Popescu et al., 2010], whereas others have described some
restoration of mRNA levels with gentamicin [Bellais et al., 2010].
Although results using wortmannin were not conclusive, the poten-
tial role of NMD inhibitors in response to readthrough drugs in PA
remains to be clarified.
The results of this study further support the results of previous
studies in other gene defects and provide evidence of the feasibility
of treatment for PA. As in other autosomal recessive diseases, the
presence of small levels of functional protein can be therapeuti-
cally relevant, and patients with mutations retaining some activity
have been described to exhibit milder phenotypes [Perez-Cerda
et al., 2000]. The results encourage further testing with other com-
pounds [Du et al., 2009; Hainrichson et al., 2008; Welch et al.,
2007], which may be capable of higher readthrough efficiencies,
as well as follow-up animal studies. Future prospects in PA for
PTC124 and other drugs will have to await the results of clinical tri-
als, especially those currently running for methylmalonic aciduria
(http://www.ptcbio.com/), another organic aciduria due to an en-
zyme deficiency of the propionate oxidation pathway.
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Abstract Sepiapterin reductase (SR) catalyzes the final step
in the de novo synthesis of tetrahydrobiopterin, essential
cofactor for phenylalanine, tyrosine, and tryptophan hydrox-
ylases. SR deficiency is a very rare disease resulting in
monoamine neurotransmitter depletion. Most patients present
with clinical symptoms before the first year of age
corresponding to a dopa-responsive dystonia phenotype with
diurnal fluctuations, although some patients exhibit more
complex motor and neurological phenotypes. Herein, we
describe four new cases from Spain, their clinical phenotype
and the biochemical and genetic analyses. Two mutations in
the SPR gene were functionally expressed to provide a basis
to establish genotype–phenotype correlations. Mutation
c.751A>T is functionally null, correlating with the severe
phenotype observed. The novel mutation c.304G>T was
identified in three siblings with a strikingly mild phenotype
without cognitive delay and close to asymptomatic in the
eldest sister. Minigene analysis demonstrated that this
mutation located in the last nucleotide of exon 1 affects
splicing although some normal transcripts can be produced,
resulting in the missense mutant p.G102C that retains partial
activity. These results may account for the mild phenotype
and the variable clinical presentations observed, which could
depend on interindividual differences in relative abundance
of correctly spliced and aberrant transcripts.
Keywords Dopa-responsive dystonia . Sepiapterin
reductase . Neurotransmitter deficiency . Splicing mutation .
Genotype–phenotype
Introduction
Sepiapterin reductase (SR, EC 1.1.1.153) deficiency (MIM
#612716) is a very rare autosomal recessive disorder of
tetrahydrobiopterin (BH4) metabolism. BH4 is an essential
cofactor required by phenylalanine (Phe), tryptophan, and
tyrosine (Tyr) hydroxylases, as well as by nitric oxide
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synthases and glyceryl–ether monooxygenase [1]. The
impairment of tyrosine and tryptophan hydroxylase activ-
ities that catalyze the rate-limiting steps in the biosynthesis
of neurotransmitters dopamine and serotonin, respectively,
explains the neurological deterioration in patients with BH4
defects [2]. BH4 is synthesized de novo from guanosine
triphosphate (GTP) in three steps, catalyzed by the enzymes
GTP cyclohydrolase I, 6-pyruvoyl tetrahydrobiopterin
synthase, and the SR enzyme that catalyzes the final
reduction of 6-pyruvoyltetrahydropterin to BH4. Three
additional enzymes can replace SR, aldose reductase,
carbonyl reductase, and dihydrofolate reductase, in a
pathway that is active in peripheral tissues but not in brain,
explaining why patients with SR deficiency do not present
with hyperphenylalaninemia [3].
The diagnosis of SR deficiency is based on cerebrospinal
fluid (CSF) analysis of pterins and biogenic amines,
revealing decreased concentrations of homovanillic acid
(HVA), 5-hydroxyindolacetic acid (5-HIAA), and elevated
levels of 7,8-dihydrobiopterin and of sepiapterin. The
presence of pathogenic mutations in the SPR gene encoding
the SR enzyme and/or the documentation of low SR
activity in fibroblasts allows confirmation of the diagnosis
[4, 5]. Clinically, most patients present symptoms in the
first years of age, although diagnosis is usually delayed
probably due to lack of physician"s awareness of the disease
and to the need of specialized diagnostic procedures.
Commonly, patients exhibit progressive psychomotor retar-
dation and different neurological abnormalities including
tremor, seizures, oculogyric crises, and, notably, dystonia
with diurnal fluctuations and responsive to L-dopa [6, 7].
Thus, autosomal recessive SR deficiency accounts for a
small fraction of dopa-responsive dystonia cases which are
prevalently caused by a dominant GTP cyclohydrolase I
defect [8]. There are some isolated cases of SR deficiency
associated with a milder phenotype coming to attention in
adulthood, although with delayed milestones and/or
abnormal gait already in childhood [8–10]. In most cases
treatment response is excellent although cognitive impair-
ment may persist, highlighting the importance of an early
diagnosis of SR deficiency.
To date, 31 patients with SR deficiency are included in
the database of BH4 deficiencies BIODEF (http://www.
biopku.org) and a total of 12 different mutations are
reported in the SPR gene, mostly of the missense or
nonsense type. One missense mutation, p.R150G
(c.448A>G), has been expressed in a prokaryotic system
to assay its functional effect revealing a complete loss of
SR activity [3]. Only one splicing mutation has been
identified, affecting the conserved 3′ acceptor splice site of
intron 2 (IVS2-2a>g; c.596-2a>g).
The aim of this work has been to expand the knowledge
of the genotypes and phenotypes of SR deficiency reporting
four new cases, three of them without cognitive delay
belonging to the same family and presenting distinct
phenotypes, from a clearly symptomatic patient to an
almost asymptomatic one. The mutations identified in the
SPR gene have been functionally expressed providing the
basis to understand the phenotypic presentation of the
disease.
Clinical reports
Case 1 was diagnosed at 23 months of age after presenting
psychomotor retardation, hypotonia, hypersalivation, hyper-
somnolence, ataxia, and extrapyramidal signs. Brain MRI,
EEG, routine blood tests, and the study of amino acids
and organic acids in body fluids were normal. Diagnosis
was made after a routine screening in CSF for
neurotransmitter deficiencies performed to all cases
presenting neurological affectation and after excluding
other metabolic diseases. Plasma prolactin levels were
increased up to 24.6 ng/ml (normal range, 1.6–18 ng/ml)
pointing to a central dopamine deficiency, as prolactin
release is normally inhibited by central dopamine con-
centrations. Enzymatic and genetic analysis in fibroblasts
confirmed the SR deficiency (Table 1). He is being
treated with L-dopa/carbidopa (1.2 mg/kg/day) and
5-hydroxytryptophan (1 mg/kg/day) with a clear neuro-
logical improvement.
Case 2 is an 11-year-old girl born from healthy non-
consanguineous parents after an uneventful pregnancy. She
showed normal development until 7 years of age when her
parents referred gait difficulties. Left foot equinovarus
was evidenced at that moment. She also referred
weakness and weariness. Symptoms showed a diurnal
variation and were notably alleviated after a nap. In the
evening she was virtually inactive and appeared
exhausted. She had postural tremor when she was
excited, abnormal ocular movements (upper deviation),
and oral dyskinesias when tired or stressed. She showed
paucity of movement and bradykinesia, a mask-like facial
expression, and difficulties in initiating speech, with
slurry sentences. Further examination revealed rigidity
of lower limbs, slightly worse in the left hemi-body, and
axial hypotonia. She had asymmetric postural dystonia
with equinovarus left foot and bent spine. The left side
was predominantly affected. Hyperactive reflexes and
ankle clonus were present as well as myoclonic move-
ments of hands and face. Cognitive level, general
examination, and cranial nerves were normal. Ptosis,
hypersalivation, or dysautonomia were not present. She
was performing acceptably in a normal school setting
although attention deficit was referred. Brain MRI,
routine blood tests, and screening for inborn errors of
metabolism were normal. In order to rule out a Segawa

































































































































































































































































































































































































































































































































disease, biogenic amines and pterins were analyzed in
CSF. Moreover, a phenylalanine loading test was also
performed. Genetic analysis confirmed the SR deficiency.
L-Dopa treatment was initiated with 1 mg/kg/day combined
with carbidopa. Treatment induced a spectacular improve-
ment in a few days in terms of energy, strength, and mood.
The dosage of L-dopa was increased until 5 mg/kg/day, with
no adverse effects. 5-Hydroxytryptophan caused vomiting
and was not tolerated.
The elder sisters (cases 3 and 4) were then evaluated.
The younger sister (14 years old, case 3) did not refer any
symptoms but in the clinical examination, she presented
mask face, strabismus, mild dystonic gait with mild
hypertonia of limbs, and slurry speech without any other
symptoms. She did not show diurnal variations. She had a
normal performance at school. She refused treatment at the
beginning but she is actually receiving 5 mg/kg/day of
L-dopa-carbidopa. The 18-year-old sister (case 4) only
presented with slight head and hand tremor when stressed.
She referred anxiety at times. No other clinical signs were
observed and she has had no treatment to date. She
completed high school without problems. Phenylalanine
loading test and genetic analysis were performed in both
cases 3 and 4. However, informed consent for CSF
sampling was refused as well as for further SR activity
studies using fibroblasts or lymphoblasts from any of the
three sisters.
Methods
Biochemical analysis Biogenic amines (5-HIAA and HVA)
and pterins in CSF were analyzed by HPLC with
electrochemical and fluorescence detection, as previously
reported [11–13].
Oral Phe loading test was performed as previously
reported [14]. Briefly, 100 mg/kg/day of Phe was orally
administered and Phe, Tyr, and Phe/Tyr ratio were
calculated in baseline conditions and after 1, 2, and 4 h
post Phe load. Phenylalanine and tyrosine concentrations
were analyzed after acidic extraction from blood spots by
ion pair HPLC with ultraviolet detection, according to a
previously reported procedure [15]. Reference values were
previously established in age-matched controls [14], after
excluding inborn errors of metabolism of pterins and
biogenic amines.
Genetic analysis DNA was isolated from blood using the
Magnapure System (Roche). The three SPR gene exons
and their flanking intronic sequences were amplified
separately, using PCR primers (available upon request)
designed using Primer3 software (http://fokker.wi.mit.edu/
primer3/). The PCR products were sequenced using
BigDye Terminator v.3.1 mix (Applied Biosystems, Foster
City, CA) with the same primers used for amplification,
and analysis by capillary electrophoresis on an ABI
Prism® 3700 Genetic Analyzer (Applied Biosystems).
Variant alleles were identified by comparison with the
wild-type sequence (RefSeq NM_003124.4). Mutations
were named according to the guidelines provided by
HGVS (http://www.hgvs.org/mutnomen).
Sepiapterin reductase enzymatic assay The method is
based on the conversion of sepiapterin to 7,8-dihydrobiop-
terin which is measured as its oxidized product (biopterin)
by HPLC [3, 4]. Protein (5–20 μg) from total cellular
extract from patient fibroblasts or 5 μg of soluble protein
from induced Escherichia coli cells were incubated for
30 min in the dark in a reaction mixture containing 0.1 M
potassium phosphate, pH 6.4; 125 mM L-sepiapterin; and
0.25 mM NADPH. The samples were subsequently
oxidized for 30 min by addition of oxidizing solution
containing 0.5% I2 and 1% KI in 1 M HCl. Excess iodine
was removed with ascorbic acid and the samples are then
deproteinized using Ultrafree-MC filters (Millipore) and
kept at −70°C until HPLC analysis. Biopterin is measured
by HPLC with fluorescence detection at 1EX, 360 nm and
1EM, 440 nm.
Expression analysis in E. coli Plasmid pHSR9 encoding
SPR cDNA (kindly provided by Dr. B. Thony) [3] was
used for expression analysis. Mutations were introduced
by site-directed mutagenesis using the Quikchange Muta-
genesis kit (Stratagene). Sequence analysis confirmed the
identity of the mutant clone and that no other mutation
was present in the full-length cDNA. Expression of the
recombinant wild-type and mutant SR proteins was carried
out essentially as described [3]. Briefly, E. coli BL21
(DE3)pLysS cells (Promega) transformed with the
corresponding plasmids were induced with 1 mM IPTG
for 5 h, harvested by centrifugation and resuspended in
100 mM potassium phosphate (pH 6.4) with 0.4 mg/ml
lysozyme and protease inhibitor (Complete Mini EDTA-
free from Roche). Cell lysis was achieved by freeze
thawing and the soluble protein amount was determined
using the Bradford assay (Biorad).
Western blot analysis Forty micrograms of protein from the
soluble extracts were resolved in a 12.5% SDS-
polyacrylamide gel, transferred to a nitrocellulose mem-
brane (Millipore) and detected using an anti-SR antibody
(Abnova) applied in a 1:1,000 dilution, a secondary goat
anti-rabbit antibody conjugated to peroxidase (Santa Cruz
Biotechnologies) diluted 1:10,000 and the enhanced chem-
iluminiscence detection system ECL (Amersham).
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High-resolution melting analysis Exon 1 of the SPR gene
was amplified from patient 2 and from 100 control DNA
samples (Human Random Control DNA panels from
ECACC, Sigma) by real-time PCR using primers
5 ′ -CGTGCTGTGTGCTTGCTG-3 ′ ( s en se ) and
5′-CCCCAGCGGTGGAGGAAGTG-3′ (antisense). The
PCR reactions were performed with 30 ng DNA in a
20-μl final volume using LightCycler® 480 High
Resolution Melting Master (Roche Applied Sciences,
Indianapolis) in a LightCycler® 480 apparatus. The
primers and magnesium chloride were used at 0.2 and
3 mM, respectively. Post-amplification fluorescent melt-
ing curves were analyzed with LightCycler® 480 Gene
Scanning software following the manufacturer"s manual
(Roche Applied Sciences, Indianapolis). All curves were
analyzed after normalization, temperature shifting auto-
mated grouping, and inspection of difference plots. The
grouping software uses a curve shape-matching algorithm
to identify wild-type from mutant samples and cutoffs are
based on variability from the wild-type curve. The
presence of the c.304G>T mutation in patient sample
was identified by a change in the melting curve shape
compared to the wild-type profile, achieved by plotting the
16].
In silico and ex vivo (minigenes) splicing analysis In silico
analysis of the effect on splicing of the novel change
identified was done using different softwares: BDGP
(www.fruitfly.org/seq_tools/plice.html), MaxEnt (http://
genes.mit.edu/burgelab/maxent/Xmaxentscan_scoreseq.
html), Splice Site Analyzer (http://ast.bioinfo.tau.ac.il/
SpliceSiteFrame.htm), and Human Splicing Finder
(http://www.umd.be/HSF/). For evaluation of ex vivo
splicing using minigenes the pSPL3 vector was used
(kindly provided by Dr. B. Andresen). Since the c.304G>T
mutation is located in the last nucleotide of exon 1 with no
upstream 3′ splice site, a hybrid exon was constructed
containing part of exon 2 (with its 3′ splice site) fused with
exon 1 with its 5′ splice site. A region of exon 1 including
the 5′ splice site was amplified from a control DNA using
a sense primer that introduces a SalI restriction site and
cloned in TOPO vector (resulting in TOPO-Ex1 vector).
Part of exon 2 including its 3′ splice site was amplified using
primers introducing BamHI (sense primer) and SalI (antisense
primer) restriction sites, digested with both enzymes and
cloned in TOPO-Ex1 vector previously digested with both
enzymes. Primers are available upon request. The correct
clone containing the hybrid exon2–exon 1 was verified by
sequencing analysis. The insert was subsequently excised
with BamHI and EcoRV, purified using the QIAEX II Gel
Extraction kit (Qiagen, Hilden), and subsequently cloned into
the pSPL3 vector previously digested with the same enzymes,
by use of the Rapid Ligation kit (Roche Applied Sciences,
Indianapolis). The identity of the resulting pSPL3-Ex2-1
clone was verified by sequencing. The c.304G>T mutation
was then introduced by site-directed mutagenesis with the
Quikchange mutagenesis kit (Stratagene) and confirmed by
sequencing. For the minigene assay, 2 μg of the wild-type or
mutant pSPL3-Ex2-1 were transfected into the human
hepatoma cell line Hep3B or in HEK293T cells using JetPEI
reagent (Polyplus Transfection, New York) following the
transfection, the cells were harvested and total RNA purified.
RT-PCR was then performed using the pSPL3-specific
primers SD6 and SA2 (Exon Trapping System, Gibco,
BRL Carlsbad, CA). Amplified products were separated by
agarose gel electrophoresis and the excised bands further
analyzed by direct sequencing after extraction with QIAEX
II Gel Extraction kit (Qiagen, Hilden).
Results
Biochemical and clinical findings
The biochemical parameters and the genotypes for the
four cases included in this work are shown in Table 1.
Cases 1 and 2 presented the typical SR deficiency pattern in
CSF consisting of increased concentrations of biopterin and
sepiapterin and concomitant reduction of both 5-HIAA
(mildly decreased in case 2) and HVA (end metabolites of
serotonin and dopamine, respectively). Phenylalanine load-
ing test performed for the three siblings (cases 2–4) showed
an increased Phe/Tyr ratio in all cases, especially at 2 and
4 h after Phe load (Table 1). Clinically, case 1 presented the
severe classical phenotype with psychomotor retardation,
hypotonia, ataxia, and extrapyramidal signs. Case 2 showed
some motor signs compatible with the diagnosis of SR
deficiency. Her elder sister (case 3) showed a very mild
phenotype which was not noticed by the family while the
eldest (case 4) was minimally asymptomatic, only referring
slight head and hand tremor.
Follow-up under treatment
In case 1, CSF neurotransmitter analyses were used to
monitor therapy. After 1 year of treatment, HVA and 5-
HIAA levels slightly increased (HVA 114 nmol/l and 5-
HIAA 26 nmol/l) without variation in pterin levels. The
levels of 5-methyltetrahydrofolate in CSF decreased to the
lower reference range, and treatment with folinic acid
(0.5 mg/kg/day) was implemented. The chronic use of
carbidopa has been described to lead to a systemic
depletion of the pool of metabolically active reduced
folates [17]. Doses of L-dopa/carbidopa and 5-
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fluorescence difference between melt curves [
manufacturer's recommendations. At 24–48 h post-
hydroxytryptophan have progressively been increased up to
3.2 and 2.2 mg/kg/day, respectively. After 3 years of
therapy, HVA and 5-HIAA concentration were still
decreased (HVA 125 nmol/l and 5-HIAA 50 nmol/l)
although the HVA/5-HIAA ratio was normalized. With
treatment, the patient is able to walk better, his speech
has improved, diurnal somnolence has disappeared, and
abnormal ocular movements only appear when he is
weary. In general, a slight psychomotor delay persists
with walk and speech difficulties and drooling.
In case 2, the effectiveness of treatment was closely
evaluated by the neuropediatrician including video
documentation. The patient shows a remarkable psycho-
motor improvement from the beginning of treatment. The
patient is able to walk normally, is less rigid, and shows
a more vivid facial expression. She has improved at
school, with better results specially in mathematics. Her
IQ is 83 (Weschler Intelligence Scale for Children IV).
She is happier, more active, and bright tempered than
before. Her dystonic posturing and movement disorders
have resolved. Case 3 is currently receiving 5 mg/kg/day
of L-dopa–carbidopa and shows improvement in energy
and strength. Case 4 refused any treatment.
Genetic analysis
Molecular analysis of the SPR gene revealed the previously
reported nonsense mutation p. K251X (c.751A>T) in
homozygous fashion in case 1 and compound heterozygosity
for p.R150G (c.448A>G) and the novel variation c.304G>T
in the three sibs (cases 2–4). The novel c.304G>T variation
affects the last nucleotide of exon 1 of the SPR gene and
could potentially cause the missense change p.G102C or
affect the splicing process. The presence of this novel change
in 200 control alleles was ruled out by high-resolution
melting analysis.
Functional assays of the mutations
The p.K251X mutation is located in the last exon of the
SPR gene and predictably results in a protein with a small
C-terminal deletion of 11 amino acids. Both mutations p.
K251X and the novel p.G102C putatively resulting from
the c.304G>T change were functionally evaluated by
expression analysis in E. coli using plasmid pHSR9.
After 5 h induction with IPTG, the SR protein present in
the soluble extract was detected by Western blotting
confirming similar protein amounts for wild-type and
mutant (with p.K251X or p.G102C) protein (Fig. 1a). SR
activities measured in the same extracts are shown in
Fig. 1b. The p.K251X mutant protein has <1% residual
activity while p.G102C retains partial activity (15% of
wild-type levels).
As mentioned above, the presence of the nucleotide
change c.304G>T on the last nucleotide of exon 1 included
in the 5′ splice site suggested a possible effect of on
splicing. To analyze this, different bioinformatic programs
were used to determine the splicing scores of wild-type and
mutant splice site. All the programs predicted a decrease in
splicing score of the 5′ splice site of exon 1 with the
c.304G>T change. This decrease was from 92.8 to 81.94
according to human splice finder, from 85.57 to 73
according to human splice analyzer, from 9.84 to 5.04
according to MaxEnt and from 0.99 to 0.73 according to
the BDGP software. This prompted us to evaluate func-
tionally its effect on splicing and for this purpose a
minigene was constructed containing exon 2 with its 3′
splice site fused with exon 1 where the mutation is present
(Fig. 2a). After transfection in HEK293T cell line, the
transcripts derived from the minigene were analyzed by RT-
PCR and sequencing analysis. The results are shown in
Fig. 2b. The wild-type minigene resulted in correct splicing
with hybrid exon2-1 inclusion, although sequencing
analysis revealed that in some molecules, splicing occurred
at a cryptic 3′ splice site within the exonic sequence. The
mutant minigene resulted in a different transcriptional
profile with an amplification product without exon2-1
resulting from splicing between vector sequences as well
as the products corresponding to exon inclusion observed
for wild-type minigene transfection (Fig. 2b). The same
results were obtained after transfecting a human hepatoma
cell line (Hep3B). These results confirm a splicing defect
for the c.304G>T mutation, although some amounts of
normal splicing could occur, resulting in a mutant protein
with the missense change p.G102C.
Fig. 1 Results of the expression analysis in E. coli of the p.K251X
and p.G102C mutant SR proteins. Panel a shows the Western blot
analysis in cultures transformed with the corresponding wild-type or
mutant pHSR9 plasmids uninduced and after induction with IPTG.
Panel b shows the corresponding enzyme activity measured in
induced cells. The results are the mean from at least three experiments
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Discussion
Patients reported with SR deficiency typically exhibit clinical
features between the second and sixth months of life with
progressive global delay. Different clinical symptoms have
been reported, most frequently including oculogyric crises
and dystonic movements with diurnal variation [7]. Other less
frequent symptoms include Parkinsonian tremor, diurnal
somnolence, ataxia, or seizures.
Very few cases have been reported with normal
cognitive function [8, 10]. Case 1 reported here exhibited
a clinical phenotype clearly evoking the diagnosis of SR
deficiency. However, cases 2–4 presented here represent a
less commonly recognized phenotype as they do not have
cognitive impairment and the index case (case 2) had a late-
onset presentation while her sisters are very mildly affected
or nearly asymptomatic. For case 2 the diurnal fluctuation
of her clinical signs and the fact that they were alleviated
with sleep was the most suggestive data supporting the
diagnosis of dopa-responsive dystonic disorder. Subsequent
evaluation of her sisters confirmed the diagnosis of SR
deficiency for the three of them. These cases add to the
present knowledge of the phenotypical variability in SR
deficiency.
Biochemical analysis in CSF of cases 1 and 2 was
characteristic of SR deficiency, in agreement with previous
reports, highlighting the need for CSF investigations in
patients with neurological disorders for correct diagnosis.
Verbeek et al. described that in all published patients,
5-HIAA value is always <15% of the lower reference range
and often even undetectable [18]. This is indeed the results
for case 1, most severely affected. However, in case 2 this
value was 39%, which might indicate a milder serotonine
deficiency relevant to explain the normal cognitive function
in our patient compared to classical cases previously
reported in the literature. Recently, a case with normal
cognitive function and CSF 5-HIAA around 50% of control
values has been reported [19]. Regarding pterins, the most
informative parameter is the quantification of sepiapterin in
CSF, with an increase that is key for the diagnosis, since
biopterin and neopterin could be in the normal range [18].
In the cases reported here, sepiapterin was also clearly
elevated which clearly pointed to a diagnosis of SR
deficiency. Performing a Phe loading test can also be
useful for diagnosis, as hepatic BH4 concentrations can be
limiting for phenylalanine hydroxylation on a Phe chal-
lenge, although sufficient in physiological conditions [3].
Interestingly, the oral Phe loading test revealed similar
positive results among the three siblings, irrespective of the
different clinical presentation. We could not analyze CSF
from the elder sisters and no SR enzyme activity could be
assessed which could have helped to characterise this very
mild form of the disease.
In case 1, analysis of CSF neurotransmitter levels at
different times during long-term treatment showed a
progressive increase in HVA and 5-HIAA levels although
never reaching the control range, despite an excellent
neurological improvement, as has been reported for other
cases [20].
The genetic analysis of the cases reported here, which
are to date the only diagnosed cases in Spain, resulted in the
identification of a nonsense mutation p.K251X, previously
Fig. 2 Minigene analysis of the
c.304G>C change. a Schematic
drawing of the hybrid exon
cloned in pSPL3, with the
corresponding sequence
analysis. b The gel shows the
RT-PCR analysis in HEK293T
cells transfected with the empty
vector, the wild-type and mutant
EX2-1 minigene. On the left is
the schematic drawing showing
the composition of the bands
which were characterised by
sequence analysis. V, vector
exonic sequences. MWM,
molecular weight marker
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identified in other patients [7, 18], one missense mutation
(p.R150G) that appears to be a common mutation present
in several patients (BIODEF database, http://www.biopku.
org), and the novel change c.304G>T. In this work we
have confirmed the pathogenicity of both the p.K251X
mutation, which predictably results in a protein with a
small C-terminal deletion and of the novel change
c.304G>T. The p.K251X mutation results in null residual
activity, correlating with the severe phenotype exhibited
by the patient. Previously reported patients with this
mutation exhibited delayed psychomotor development
and a complex movement disorder, with symptoms
appearing in the first months of life [7, 18]. Data from
the crystal structure of mouse SR show that residue D258
(corresponding to D257 in human SR, absent in the
truncated protein resulting from p.K251X) is directly
involved in the positioning of the pterin substrate in the
active site [21]. Thus, D258 is a critical residue determin-
ing substrate binding specificity and anchoring and
consequently, C-terminal truncation mutants show no
residual activity [22], correlating with our results and
explaining the genotype–phenotype correlation in the
patients with p.K251X.
The novel c.304G>T change was not present in 200
control alleles and we have demonstrated that it results,
at least partially, in a splicing defect, although some
normally spliced transcript with the missense change p.
G102C may occur. This type of “leaky” or partially
penetrant splicing mutations has been associated to
phenotypic variability [23]. Expression analysis revealed
that the protein with the missense mutation p.G102C
retains partial activity consistent with the fact that residue
G102 is semi-conserved across species and is not directly
involved in substrate binding or catalysis [21].
In this scenario, we can envisage different situations
for the three siblings heterozygous for the c.304G>T
change, as the ratio of correctly spliced (with p.G102C)
to aberrant transcript may vary depending on intertissue
and interindividual differences in splicing factors. This
would allow a molecular explanation for the clinical
differences (from mild to nearly asymptomatic) among
cases 2–4 with the genotype [p.R150G] + [c.304G>T].
Given that the p.R150G mutation has been previously
shown to be functionally null [3], the other allele
(c.304G>T) must be the responsible for the mild pheno-
type. It seems plausible that small differences in the
amount of mutant p.G102C protein with partial activity
may account for the variable clinical expressivity of the
disease.
The results presented in this work underlie the impor-
tance of revising the precise effect of exonic nucleotide
substitutions, not just assuming that they result in a
missense change. Approximately 80% of the natural 5′
splice sites have a G at position −1 (last exonic nucleotide)
[24] and its substitution is a frequent pathological mecha-
nism with consequences in mRNA splicing [25–27]. In
silico tools are useful to guide the decision for further
analysis, as they can offer a prediction of the impact of
nucleotide substitutions on splicing [28]. However, RNA
analysis is necessary to confirm a splicing defect. When
not available, minigenes are a robust and reliable tool to
demonstrate a splicing defect, although one must bear in
mind that the precise effect in vivo is not always
reproduced. For the c.304G>T mutation, the minigene
assay resulted in skipping of the hybrid exon cloned in
pSPL3. In vivo, activation of exonic or intronic cryptic
splice sites or intron retention is the expected consequence
as the mutation affects the first exon.
In conclusion, the identification of the cases reported
here expand the knowledge of genotype–phenotype
correlations in SR deficiency and underlie the importance
of CSF sepiapterin and neurotransmitter analysis also in
movement and gait disorders with fluctuations of symp-
toms, in patients with no cognitive delay and mild
phenotypes.
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5′ splice site mutation
SplicingSplicing defects account for 16% of themutant alleles in the PCCA and PCCB genes, encoding both subunits of the
propionyl-CoA carboxylase (PCC) enzyme, defective in propionic acidemia, one of the most frequent organic
acidemias causing variable neurological impairment. Most of the splicing mutations identiﬁed affect the
conserved 3′ splice (3′ ss) or 5′ splice (5′ ss) sites, the latter predictably through lowering the strength of base
pairing with U1snRNA. Among the 5′ ss mutations we have focused on the c.1209+3ANG (IVS13+3ANG)
mutation in the PCCA gene, identiﬁed in four patients (three homozygous and one heterozygous) of common
geographical origin and causing exon 13 skipping. To study the potential of splicing modulation to restore PCC
function, we analyzed the effect of transient transfections in patients' cells with modiﬁed U1snRNA adapted to
compensate the mutant change and other mismatches at different positions of the 5′ ss. Using this strategy
normal transcript could be efﬁciently recovered with the concomitant disappearance of the aberrant exon
skipping transcript, as observed after standard RT-PCR and sequence analysis or using ﬂuorescent primers and
semiquantitative RT-PCR. Different efﬁciencies with up to 100% exon inclusion were observed depending on the
transfection conditions and speciﬁcally on the adapted U1snRNA used, conﬁrming previously reported
dependencies between nucleotides at the 5′ ss for its correct recognition by the spliceosome. The reversal of
the splicing defect did not result in a signiﬁcant increase in enzyme activity, suggesting other factors must be
taken into account for the application of overexpression of splice factors such as U1 as therapeutic strategy for
splice defects.U1, U1snRNA; NMD, nonsense
ropionic acidemia.
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Splicing defects are among the most frequent pathogenic
mechanisms underlying genetic diseases. Splicing is performed by
a multi-component machine called the spliceosome, composed by
ﬁve small ribonucleoproteins (snRNPs) and hundreds of additional
proteins [1]. Three sequence elements at the exon–intron junctions
of the genes are recognized sequentially by components of the
spliceosome and are thus essential for splicing: the 5′ donor splice
site (5′ ss), the 3′ acceptor splice site (3′ ss) and the branchpoint
sequence [2]. Spliceosome formation is initiated by binding of U1
snRNP to the 5′ ss via the formation of an RNA duplex between the 5′
ss and the 5′ end of U1 snRNA, although recent work has raised the
possibility of a recognition mechanism at least partially independent
of U1 [3,4]. A 5′ ss provides up to eleven potential positions for U1binding, although typically, seven are the nucleotides involved in
base pairing [5]. It has been suggested that there probably is a
minimal number of 5–6 base pairing to U1 for a functional 5′ ss,
although the different nucleotide positions are not functionally
equivalent [6]. Mutations that lower the complementarity to U1
usually cause splicing defects although the position and the nature of
the mutated nucleotide determine the precise effect. It is important
to determine the underlyingmolecular basis of the splicing defects as
it expands the opportunities for therapeutic intervention aimed at
speciﬁc types of mutations and applicable to different genetic
diseases.
Propionic acidemia (PA; MIM#606054) affects approximately 1 in
30,000 live births worldwide [7,8] and results from a deﬁciency of
propionyl-CoA carboxylase (PCC, E.C. 6.4.1.3), inherited in autosomal
recessive fashion. PCC catalyzes the conversion of propionyl-CoA to
methylmalonyl-CoA and is one of the key enzymes in the catabolic
pathway of the amino acids valine, isoleucine, methionine and
threonine, as wells as of odd-chain fatty acids and the side chain of
cholesterol. The enzyme is a heteropolymer of α and β subunits
encoded by the PCCA and PCCB genes, respectively.
PA shows a wide range of clinical manifestations ranging from a
severe neonatal formwith ketoacidosis, poor feeding, lethargy, failure
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form with less impaired neurological outcome. Progression of
symptoms, if not promptly treated, leads to death within few days
or to severe brain damage. Current treatment which is based on
dietary restriction does not effectively prevent neurological deterio-
ration [9].
One of the most frequent defects in this genetic disease is splicing
mutations. In PA, updated information at the Human Gene Mutation
Database (HGMD Professional Release 2010) shows a frequency of
~16% of splicing mutations for both the PCCA and PCCB genes. From
these, 65–70% corresponds to 5′ donor site mutations which thus
constitute a good target for mutation speciﬁc therapeutic approaches.
In several diseases, the use of U1snRNA complementary to the
mutated site has been described as a potentially therapeutic strategy
to correct donor splice site defects dependent on U1 binding. This
strategy, initially employed to determine the role of U1 snRNP in 5′ ss
recognition [10], has been exploited using minigenes as splice models
of disease. Mutant U1snRNA engineered to bind speciﬁcally to the
mutant donor site are cotransfected along with the minigenes
resulting in the correction of the splicing defects [11–15]. In this
workwe have exploited this strategy for the ﬁrst time in patients' cells
to explore the feasibility of the functional recovery of the defect in a
cellular model of disease.
2. Methods
2.1. Minigenes
For evaluation of in vitro splicing, a gene fragment including exon
13 and ﬂanking intronic regions was ampliﬁed from patients and
control DNA and cloned into the TOPO vector (Invitrogen). The insert
was excised with Eco RI and was subsequently cloned into pSPL3
vector (Life Tecnhnologies [Gibco BRL], kindly provided by Dr. B.
Andresen). Clones containing the normal and mutant inserts in the
correct orientationwere identiﬁed by restriction-enzyme analysis and
automated DNA sequencing. 3–4×105 Hep3B cells grown in 6-well
plates were transfected using Jet Pei with a total of 10.5 μg of wild-
type or mutant minigenes. 24–48 h after transfection, RNA was
puriﬁed from cells and RT-PCR analysis was performed using the
pSPL3-speciﬁc primers SD6 and SA2. Ampliﬁed products were
separated by agarose gel electrophoresis and analyzed by direct
sequencing.
2.2. RT-PCR analysis in patients' ﬁbroblasts
This study included ﬁbroblast cell lines from two patients homozy-
gous for mutation c.1209+3ANG. Total mRNA was isolated with
Tripure Isolation Reagent (Invitrogen) and subsequently RT-PCR was
performed using primers located in exon 11 (5´-TGGGAATGCTT-
TATGGCTTA-3´) and exon 14 (5´-CGGTTCTTGGTACTGAGACAATC-3´).
2.3. U1 snRNA constructs
TheU1 vector [13]was kindly provided byDr. F. Pagani (International
Centre for Genetic Engineering and Biotechnology, Trieste, Italy). The
mutant U1 vectors were obtained by site directedmutagenesis using the
Quickchange mutagenesis kit (Invitrogen). The desired mutations
(Fig. 2a) were conﬁrmed by sequence analysis.
2.4. U1 transfection experiments
3–4×105 patients' ﬁbroblasts grown in 6-well plates were
transfected using Lipofectamine LTX (Invitrogen) with various
amounts (00.5–4 μg) of the U1 constructions. 48 h later RNA was
isolated and RT-PCR with PCCA speciﬁc primers was performed. To
assay the functional rescue of the mutation bymeasuring PCC activity,1.6–1.8×106 ﬁbroblast cells were grown in 75 cm2 ﬂasks and
transfected with amounts between 7.5 and 30 μg of the U1 constructs
and harvested after 24, 72 or 96 h. In other experiments, 4–5×105
ﬁbroblast cells were transfected with 2 and 4 μg of the U1 constructs
using the Amaxa® Human Dermal Nucleofector kit according to the
instructions provided by the manufacturer. In some cases, the NMD
inhibitorwortmannin (10 or 100 μM)was added six hours prior to cell
harvest. Cells were harvested 72 h posttransfection. In parallel, cells
were transfectedwith a control plasmid encoding GFP and ﬂuorescent
cells were monitored by microscopy. The percentage of transfected
ﬁbroblasts reached 50–60% with the Nucleofector kit, 10-fold higher
than with lipofection.
2.5. Fragment analysis
For mRNA quantiﬁcation in ﬁbroblasts transfected with the
different U1 constructs as described earlier, RT-PCR was performed
using a 6FAM ﬂuorescently labeled forward primer hybridizing to
exon 11 of the PCCA gene and a reverse primer hybridizing to exon 14.
Reactions were incubated at 95 °C for 5 min followed by 30 cycles at
95 °C for 25 s, 55 °C for 25 s and 72 °C for 40 s. Ampliﬁcation products
were separated on an ABI Prism 3730 Genetic Analyzer (Applied
Biosystems) and analyzed using the Peakscanner software (Applied
Biosystems).
2.6. PCC activity assay
PCC activity was assayed as 14C propionate incorporation into non-
volatile products according to the method described in Ref. [16].
2.7. PCCA protein detection
For the detection of biotin-bound proteins, transfected ﬁbroblasts
were harvested by trypsinization, resuspended in sucrose buffer
(0.25 M sucrose, 10 mM Tris–HCl pH 7.4, EDTA 2 mM, PMSF 0.2 mM)
and disrupted with a Teﬂon Potter homogenizer. Mitochondria were
isolated by differential centrifugation at 4 °C [17], suspended in
sucrose buffer and protein concentration determined by the Bradford
assay. Equal amounts of total protein (30 μg) from each ﬁbroblast
sample were loaded on a denaturing 10% polyacrylamide gel. After
electrophoresis, proteins were transferred to PVDF membranes
(Immobilon™-P, Millipore) and the biotin containing proteins were
detected with an avidin alkaline phosphatase conjugate (Pierce),




The splicing mutation c.1209+3ANG (IVS13+3ANG) in the PCCA
gene causes in-frame exon 13 skipping [18] (Fig. 1a), which
predictably originates a protein with an internal deletion of 48
amino acids (p.V356_E403del48). In silico analysis predicts a decrease
in strength of the 5′ ss due to the mutation (from 79.4 to 76.1
according to Shapiro and Senapathy [19]; from 83.74 to 78.72
according to Human Splicing Finder) [20] and a probable exon
skipping effect (CRYP-SKYP software [21]).
To date, we have identiﬁed this mutation in four patients (three
homozygous and one heterozygous) of common geographical/ethnic
origin. In homozygous patients no other polymorphic or potentially
pathogenic changes were detected in exon 13 and ﬂanking intronic
sequences and only the exon skipping transcript is detected in
ﬁbroblast samples (Fig. 1a).
To recapitulate the splicing defect in a cellular model which could
be used to test U1 overexpression as therapeutic strategy, minigenes
Fig. 1. Results of the RT-PCR analysis in ﬁbroblasts (a) and in Hep3B cells transfected with wild-type (wt) and mutant (mut) minigenes (b). The schematic representation of the
ampliﬁed bands is shown on the right of each gel. Numbers refer to the PCCA exons and V refers to exonic vector sequences.
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in a hepatoma cell line. RT-PCR analysis showed the presence of two
bands for the wild-type construct, corresponding to vector–vector
splicing and to a transcript with exon 13. Mutant minigenes resulted
exclusively in a band corresponding to vector–vector splicing (Fig. 1b).
As patient cells homozygous for the mutation were available, we
decided to test them directly for the U1 overexpression approach.
3.2. U1 constructs transfection in patients' cells
The 5′ ss of exon 13 of the PCCA gene shows complementarity to
the 5′ end of U1snRNA in 6 out of the consensus 9 positions (from−3
to+6) [10] (Fig. 2a). Mutation IVS13+3ANG introduces amismatch
in position +3, thus lowering the complementarity to U1snRNA.
Different mutant U1 plasmids were constructed to compensate for
the mutation (U1+3) and for other mismatched bases (U1+3+5;
U1+3+5+6 and U1IVS13, the latter with extended complemen-
tarity in positions −3 and +7+8) (Fig. 2a). Fibroblasts from
controls and from patients homozygous for the mutation were
transfected with the plasmid coding for wild-type U1 and with the
different mutated plasmids and after 48 h cells were trypsinized,Fig. 2. Correction of aberrant splicing due to the IVS13+3ANG mutation by modiﬁed U1 sn
different U1 constructs. b) RT-PCR analysis of a control cell line (C) and patient cells untrans
cell line. The schematic composition of the bands as determined by sequence analysis is sh
proteins in control and patient ﬁbroblasts untransfected and transfected with U1IVS13. H
carboxylase.RNA was isolated and RT-PCR performed with PCCA cDNA speciﬁc
primers. The results of a representative experiment are shown in
Fig. 2b. While with wt U1 and U1+3 no effect was observed, when
U1+3+5, U1+3+5+6 or U1IVS13 were transfected, a reversion
of the splicing defect could be detected. In all cases, the identity of
the ampliﬁed bands was conﬁrmed by sequencing analysis. The
levels of normal spliced band with exon 13 reached ~100%, although
some variability was detected depending on the patient cell line
used, amount and plasmid used and transfection conditions. A
control cell line transfected with the same constructs showed no
alteration of the normal splice pattern (Fig. 2c). Both lipofectamine
LTX and nucleofector technology were used obtaining similar results,
although the transfection efﬁciency was greatly increased with
nucleofection, as measured in parallel with a control plasmid coding
for GFP. As additional control, the expression of transfected U1 was
analyzed by RT-PCR with speciﬁc primers [22], conﬁrming efﬁcient
transfection in all cases. No substantial difference was observed
using two different patient derived cell lines homozygous for the
mutant change.
Although by standard RT-PCR we never observed in patient cells
any additional aberrant transcripts (e.g. due to activation of crypticRNA. a) Schematic representation of base pairing between the 5′ ss of exon 13 and the
fected and after transfection of the different U1 vectors. c) RT-PCR analysis in a control
own on the right of the gels. wt, wild-type d) detection of mitochondrial biotinylated
epatoma Hep3B cells were used as control. MCCA, α-subunit of methylcrotonyl CoA
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they could be produced resulting in out of frame transcripts being
subjected to degradation by the nonsense mediated decay (NMD)
mechanism. These aberrant transcripts would not be rescued by use of
adapted U1, limiting its therapeutical potential. Therefore, the effect
of using the NMD inhibitor wortmannin was analyzed in the U1
transfection experiments and semiquantitative RT-PCR was per-
formed using ﬂuorescent primers and fragment analysis after
capillary electrophoresis in an automated sequencer. No difference
in the transcriptional proﬁle and identity of the bands as conﬁrmed by
sequence analysis was observed when wortmannin 10 or 100 μMwas
added for 6 h previous to cell harvest. When a ﬂuorescent primer was
used for PCR in conditions determined to be within the linear phase of
ampliﬁcation, the transcriptional proﬁle was the same and the
amount of product was comparable in all cases indicating that most
of the RNA in the patient cells is efﬁciently spliced after transfection
with either U1+3+5, U1+3+5+6 or U1IVS13 (Fig. 3).
PCC activity was measured in patients' cells after transfection in
the conditions used for 100% rescue of normal splicing, using both
U1+3+5+6 and U1IVS13. In some experiments, after transfec-
tion, the cell pellet was split in two and one used for enzyme
measurements and the other for RNA isolation and RT-PCR analysis
conﬁrming transcript rescue in the transfected cells. Different
conditions were assayed, either using lipofection or nucleofection
and adding in some cases the NMD inhibitor wortmannin, as
described in Methods. PCC activity was assayed 24, 72 and 96 h
posttransfection. However, in all the conditions tested, no signiﬁ-
cant increase in activity was detectable in transfected cells,
remaining in the range of b2% wild-type levels. No biotinylated
PCCA protein could be detected after U1 treatment using an avidin
assay to detect mitochondrial biotin-bound proteins (Fig. 2d). Both
PCCA and PCCB cDNAs were ampliﬁed in 2–3 overlapping fragments
observing normal levels and normal sequence. Unspeciﬁc inhibitionFig. 3. Capillary electrophoresis of semiquantitative RT-PCR of a fragment spanning
exon 13 of the PCCA gene. Detection of the normal and aberrant (without exon 13)
PCCA transcripts using a ﬂuorescent dye marked primer and an automated sequencer
and fragment analysis with the Peakscanner software (Applied Biosystems). X-axis,
length of the fragment in nucleotide; y-axis, ﬂuorescence intensity.of PCC enzymatic activity by U1 was ruled out in a control cell line
transfected with U1+3+5+6 and U1IVS13 constructs.4. Discussion
The c.1209+3ANGmutation in intron 13 of the PCCA gene has been
identiﬁed in a total of seven PA alleles and results in exon 13 skipping.
Both A and G are consensus nucleotides in that position and similar
variations have been reported to induce aberrant splicing in some cases
but not in others [23,24]. Functional and in silico studies highlight the role
ofmatchingnucleotides toU1 snRNAatpositions+4 to+6 to render the
5′ ss less prone to a splicing defect in the case of a +3ANG substitution
[23–25]. A surveyofnatural 5′ ss shows thatwhen thenucleotideat+3 is
a G, the frequencies of accordant nucleotides at positions +4 to +6 are
higher than those observed in 5′ ss with an A at +3 [6,25]. Our results
indicate that the strength of thewild-type 5′ ss of PCCA intron 13with six
consecutive matches to U1 snRNAmay lie just above a critical threshold
and in this case, lack of complementarity to U1 snRNA at positions +5
and+6 presumably results in its dependence of an A at the+3 position
for correct splicing. This mutation adds to the list of pathogenic +3ANG
mutations [23] providing additional clues for the clinical interpretation of
similar changes.
In this work we sought to suppress the splicing defect by
overexpression of U1 snRNA adapted to compensate the mismatch
at the+3 position. Initial studies were performedwith minigenes but
the corresponding wild-type constructs failed to recapitulate accu-
rately the transcriptional proﬁle observed in ﬁbroblasts probably due
to lack of necessary genomic sequence context [26]. Therefore,
patients' ﬁbroblasts homozygous for the sequence change were
used as cellular models for transfection with U1 vector constructs
with compensatory mutations. The results indicate that in vivo loss of
U1 binding to the mutated 5′ ss is at least partially responsible for the
observed exon skipping and conﬁrms that correct splicing is not
determined simply by the levels of U1snRNA, as overexpression of
wild-type U1 snRNA does not rescue splicing. Indeed, this is only
achieved to a detectable extent when additional mutations other than
at the mismatched +3 position are introduced in the U1 snRNA,
leading to base pairing also at positions +5 or +5 and +6. Complete
restoration of normal splicing with the absence of the exon skipping
band was achieved with U1IVS13 with extended complementarity
from positions −3 to +8 (Fig. 2b). These results are in accordance
with similar studies in other genes, where an extended U1 snRNA-5′
ss interaction is necessary for exon inclusion in a minigene based
assay [14,23]. To our knowledge, this work represents the ﬁrst report
of U1 mediated suppression of a splicing defect in patients' cells. A
semiquantitative RNA assay using ﬂuorescent primers and fragment
analysis in the presence or absence of the NMD inhibitor wortmannin
indicated that the mutation produces exclusively the exon skipping
transcript and that after mutated U1 treatment, the correctly spliced
transcript accumulates in similar amounts as in control ﬁbroblasts.
The failure of U1+3 to suppress the mutation even though it
restores the number of base pairs to the same as in wild-type exon 13
splicing suggests that it is not only the interaction between U1snRNA
and the 5′ ss which is involved in the exon skipping event. It is probable
that the mutation affects the afﬁnity of the 5′ ss for other splice factors.
After U1 binding to the 5′ ss, subsequent spliceosome assembly results
in the displacement of U1 by U6 snRNAwhich is known to base-pair to
positions +2 to +6 of the 5′ ss [27]. Alternatively, the compensatory
mutation at position+3 introduced in U1snRNAmay render it unstable
(although we could detect it by RT-PCR with speciﬁc primers for
exogenous U1) or non-functional [6] thus explaining its inability to
revert exon skipping. Similar results have been reported for minigenes
with 5′ ss mutations which have been targeted using U1 with
compensatory mutations [14]. In our experimental model, efﬁcient U1
suppression of the mutation requires 7 contiguous base pairs with the
138 R. Sánchez-Alcudia et al. / Molecular Genetics and Metabolism 102 (2011) 134–138mutant splice site, onemore than that occurring between thewild-type
5′ ss and wild-type U1.
The feasibility of U1 treatment for functional rescue of an enzymatic
defect has to date only been explored using a splicing-competent full-
length construct as cellular model of Factor VII deﬁciency caused by a
GNA mutation at position +5 [11]. The results showed U1 mediated
rescue of factor VII mRNA splicing resulting in detectable levels of
functional activity (9.5% of wild-type levels). However, no studies have
been carried out to date in patient derived cell lines. In our hands,
although the use of different adapted U1 efﬁciently rescue ~100%
normally spliced transcripts in cells from patients with the IVS13+
3ANGmutation, no recovery of PCC protein or activity could bedetected
in any case. No other transcript is detectable after inhibiting NMD and
using a sensitive ﬂuorescent assay. Correctly spliced transcripts
accumulate in normal amounts after U1 treatment, ruling out the
contribution of alternativemutant transcripts to the results observed. In
addition, an unspeciﬁc effect of U1 transfection on PCCA and PCCB
mRNA processing was ruled out. However, we cannot rule out an
unspeciﬁc effect of U1 on key elements necessary for translation or
assembly of the PCCheteropolymerwhichprecludes the formationof an
active enzyme. The absence of biotinylated PPCAprotein in the patient's
ﬁbroblasts treated with U1 supports this notion. U1snRNA with altered
5′ ends have been described to have unintended effects on splicing and
polyadenylation of some pre-mRNAs [28]. The complex interplay
between splicingand translationhasnot yet beencompletely elucidated
[2]. Additional evidence from other patients' cell lines with different
gene defects targeted with adapted U1 will clarify whether this is a
limitation only for this cellular disease model. It is interesting to note
that in PA we have recently showed efﬁcient protein and enzymatic
recovery in patients' cells after splicing modulation with an antisense
oligonucleotide targeting an activated pseudoexon [29]. In that case,
reversion of the splicing defect detectable by RT-PCR correlated with
functional enzyme production. It must be envisaged that in this work
the therapeutic RNAmolecule is a natural splice factor modiﬁed to bind
more stably to certain 5′ ss which in turn can inhibit the entry of other
spliceosomal components such as U4/U6.U5 due to a delayed release of
the U1 snRNP from the 5′ ss [30]. For PCCAmRNA, detection of correctly
spliced transcripts assures that U1was efﬁciently displaced but thismay
not be the case for other cellular mRNAs. Application of exon-array
technologies for the detection of alternative transcripts after U1
treatment may be used to investigate this issue.
The results presented in this work indicate that the results of
splicing modulation with adapted U1 obtained with minigenes,
which have been reported for several genes [11–15], should be
complemented using patient derived cell lines or animal models of
disease, as a necessary ﬁrst step in the investigation of the in vivo
applicability of U1 therapy. Results from other genes will clarify if
the lack of functional rescue is speciﬁc for the gene and the mutation
described here. In any case we should interpret with caution the
results of splicing modulation using splice factors exerting different
cellular roles [4] as they may result in unforeseen side effects which
should be analyzed in detail.
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ABSTRACT: ATP:cob(I)alamin adenosyltransferase (ATR,
E.C.2.5.1.17) converts reduced cob(I)alamin to the adeno-
sylcobalamin cofactor. Mutations in the MMAB gene
encoding ATR are responsible for the cblB type methylma-
lonic aciduria. Here we report the functional analysis of five
cblB mutations to determine the underlying molecular basis
of the dysfunction. The transcriptional profile along with
minigenes analysis revealed that c.584G4A, c.349-1G4C,
and c.290G4A affect the splicing process. Wild-type ATR
and the p.I96T (c.287T4C) and p.R191W (c.571C4T)
mutant proteins were expressed in a prokaryote and a
eukaryotic expression systems. The p.I96T protein was
enzymatically active with a KM for ATP and KD for
cob(I)alamin similar to wild-type enzyme, but exhibited a
40% reduction in specific activity. Both p.I96T and
p.R191W mutant proteins are less stable than the wild-
type protein, with increased stability when expressed under
permissive folding conditions. Analysis of the oligomeric
state of both mutants showed a structural defect for p.I96T
and also a significant impact on the amount of recovered
mutant protein that was more pronounced for p.R191W
that, along with the structural analysis, suggest they might be
misfolded. These results could serve as a basis for the
implementation of pharmacological therapies aimed at
increasing the residual activity of this type of mutations.
Hum Mutat 31:1033–1042, 2010. & 2010 Wiley-Liss, Inc.
KEY WORDS: methylmalonic aciduria cblB type; ATR;
MMAB; misfolding; splicing; cobalamin
Introduction
ATP:cob(I)alamin adenosyltransferase (ATR, E.C.2.5.1.17) is an
enzyme involved in vitamin B12 metabolism that converts reduced
cob(I)alamin to adenosylcobalamin, the active cofactor of
methylmalonyl-CoA mutase (MUT, EC 5.4.99.2), which catalyzes
the reversible rearrangement of methylmalonyl-CoA to succinyl-
CoA in the catabolism of branched-chain amino acids, odd-chain
fatty acids, and cholesterol. Mutations in the human MMAB gene
encoding the ATR enzyme are responsible for the cblB type
methylmalonic aciduria (MIM] 607568) [Dobson et al., 2002; Leal
et al., 2003]. CblB patients present either a severe form with
neonatal ketoacidosis, lethargy, failure to thrive, and encephalo-
pathy or a milder, chronic form with less impaired neurological
outcome. A cellular in vitro response to hydroxocobalamin
(OHCbl) has been reported in certain cases, but this response
appears to be unclear in vivo.
The human MMAB gene product, the ATR enzyme, is a
member of the PduO family of cobalamin adenosyltransferases,
which catalyzes the transfer of adenosine from ATP to cobalamin
generating AdoCbl. To date, 24 mutations have been identified in
the MMAB gene in cblB-type patients (HGMDs Professional
Release 2009.3). Recently, the crystal structures of the homologous
ATR proteins from T. acidophilum and L. reuteri, along with the
human enzyme with ATP bound, have been determined [Saridakis
et al., 2004; Schubert and Hill, 2006; St. Maurice et al., 2007],
allowing for evaluation of the structural impact of pathogenic
mutations in ATR. The enzyme is a homotrimer, each subunit
composed of a five-helix bundle and an active site located at the
subunit interface. Several mutations identified in patients have
been mimicked in prokaryotic orthologs and their kinetic
parameters determined. They revealed the existence of mutants
with reduced affinity for the substrate and cofactor (p.R191W)
and with negligible activity and presumed instability in vivo
(p.R186W, p.R190H, and p.E193K) [Zhang et al., 2006]. In
another study, a Salmonella ATR-deficient strain was used to
express mutations generated by random mutagenesis in the
human ATR coding sequence, allowing the delineation of the
active site of the enzyme and the putative residues implicated in
cob(II)alamin reduction [Fan and Bobik, 2008].
In this study, we report the genetic analysis of four
methylmalonic aciduria cblB-type patients and the functional
analysis of the identified mutations. In order to determine the
molecular basis of in vitro B12 responsiveness we have functionally
analyzed two missense changes, p.I96T and p.R191W, identified in
three B12 responsive patient-derived cell lines, in prokaryotic and
eukaryotic in vitro expression systems. We have also included the
functional analysis of the three mutations affecting splicing
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Materials and Methods
Genetic and Biochemical Analysis in Patients’ Fibroblasts
Patient 1 (P1), previously described in Merinero et al. [2008],
had a neonatal presentation of the disease. Patients 2 (P2) and
3 (P3) are siblings; P2 developed a late onset of the disease
(at 4 years) and died shortly afterward. P3 was genetically
diagnosed without presenting clinical symptoms, and to date, he is
clinically normal. Patient 4 (P4) was referred to our laboratory for
genetic analysis (Table 1). Since diagnosis, both the asymptomatic
patients P3 and P4 are under therapy with protein restriction,
carnitine supplementation, OHCbl administration, oral (5 ml/d)
in P3, and intramuscular (5 mg/15 days) in P4 and metronidazol
(only P4). During therapy the patients show differences at the
biochemical level: P3 shows milder plasma C3 levels (10 mM)
compared to P4 (80 mM); P3 has normal plasma odd-chain fatty
acid levels (OLCFA) (o0.4%), whereas P4 has increased ones
(4%). Urine MMA varies in P3 (o200–6000 mmol/mol creat),
whereas there are no data available from P4. P3 has a perfect
clinical development according to the clinician. P4 has a normal
neurological and cardiological evaluation with normal renal
function, weight (percentile 25–50) and height (percentile 10)
and he is doing well at school. Due to reduction of bone density in
lumbar spine, alandronate, calcium, and vitamin D were
administered within growth and bone density. During his life he
has showed some other metabolic decompensations associated
with infections, vomiting, metabolic ketoacidosis, etc., without
requiring hospital admission. In these crises the patient required
nutritional adaptation. It is worth noting that the patient has
excellent dietary compliance. This work has been approved by our
institutional ethics committee, and informed consent has been
obtained from the patients and their legal caregivers.
Fibroblast cell lines from patients were cultured under standard
conditions in MEM supplemented with 10% fetal bovine serum,
200 mM glutamine, and antibiotics. Incorporation of radioactivity
from [1-14C] propionate into acid-precipitable material was
assayed in intact fibroblasts grown in basal medium 71 mg/ml
OHCbl as previously described [Perez-Cerda et al., 1989]. All data
are summarized in Table 1.
To identify mutations in the MMAB gene, cDNA sequence
analysis was performed. The identified changes were confirmed by
sequencing the corresponding genomic DNA region. Genotype
analysis was performed using the primers and conditions
described previously [Martinez et al., 2005]. Fibroblast cell lines
were used as a source of DNA and RNA, which were isolated using
the MagnaPure system following the manufacturer’s protocol
(Roche Applied Sciences, Indianapolis, IN). Mutation nomenclature
follows the recommended guidelines of the Human Genome
Variation Society (www.HGVS.org). Nucleotide numbering is
based on cDNA reference sequences GenBank accession number
NM_052845.3.
Functional Analysis of the Splicing Mutations
For evaluation of in vitro splicing, the pSPL3 vector (Life
Technologies, Gibco, BRL, Grant Island, NY, kindly provided by
Dr. B. Andresen, Aarhus University, Denmark) was used. Gene
fragments corresponding to exons and flanking intronic regions
were amplified from patients P2 and P4 and from a DNA control
and cloned into the TOPO vector (Invitrogen, Carlsbad, CA) as
previously described [Rincon et al., 2007]. A total of 2 mg of the
wild-type or mutant minigenes was transfected into the following
cell lines: Hep3B, HEK293, or COS7 using JetPEI, following the
manufacturer’s recommendations. Twenty-four to 48 hr postrans-
fection, cells were harvested, RNA was purified, and RT-PCR
analysis was performed using the pSPL3-specific primers SD6 and
SA2 (Exon Trapping System, Gibco, BRL). The identity of
amplified bands was determined by sequence analysis.
Prokaryotic and Eukaryotic Expression Analysis
of Missense Changes
Mutation p.I96T (c.287T4C) and p.R191W (c.571C4T)
were introduced using the QuikChange Site Directed Muta-
genesis kit (Stratagene, Cedar Drive, TX). The oligo-
nucleotides used for mutagenesis were: MMAB I96Tsense
(50AGTTCAGCTACTGGGTTTGCTCTG30), MMAB I96T anti-
sense (50CAGAGCAAACCCAGTAGCTGAACT30), MMABR191W
sense (50CCGTGTGCCGCTGGGCCGAGAGAC30) and MMAB
R191W antisense (50GTCTCTCGGCCCAGCGGCACACGG30).
For prokaryotic expression analysis we used the NL173 plasmid,
based on pET41a, which contains the human ATR sequence
without the mitochondrial targeting sequence. Human ATR
protein was expressed in Escherichia coli (BL21StarTMDE3 One
Shot Cells) and purified following the method described by Leal
et al. [2004]. Bacterial cells were transformed with the NL173
plasmid encoding either the normal or mutant (p.I96T and
p.R191W) ATRs. Protein expression was induced with 1 mM
IPTG; 5 hr after induction, cells were collected by centrifugation
and frozen at 701C until further use. Cell pellets were
resuspended at 41C in 50 mM potassium phosphate buffer,
pH 8, 100 mM NaCl, 1 mM DTT, 1 mM protease inhibitor
phenylmethylsulphonyl fluoride, 1 mM EDTA, 0.05 mg/ml DNase,
0.3 mg/ml lysozyme. After 1 hr of incubation, the cell suspension






/1c Allele 1 Allele 2 Onset Outcome
P1 0.99 0.06/0.25 p.I96T (c.287T4C) p.R191W (c.571C4T) Neonatal (4 days) 7 y/severe encephalopathy
P2a 0.76 0.26/1.01 p.I96T (c.287T4C) p.S174fs (c.584G4A) Late onset (4 years) Died at 4 y
P3a NS NS p.I96T (c.287T4C) p.S174fs (c.584G4A) studied due to previous
affected sister (3 months)
5 y/asymptomatic
P4 0.55 0.08/0.07 p.I117_Q118del
(c.3491G4C)
p.G66fs (c.290G4A) Neonatal (4 days) 12 y/asymptomatic
NS, not studied. Mutation nomenclature follows the recommendations of HGVS and cDNA numbering is based on GenBank accession number NM_052845.3.
aPatients 2 (P2) and 3 (P3) are siblings.
bMUT activity in control fibroblasts with 36 mM AdoCbl was 0.9470.40 nmol/min/mg protein.
c[1-14C]-Propionate uptake (nmol/10 hr/mg protein) in control fibroblasts without/with (/1) hydroxocobalamin in the culture medium was 1.9071.18/2.3471.61.
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was sonicated and centrifuged to obtain the crude soluble cell
extract, which was subjected to ammonium sulphate precipitation
and subsequent anion-exchange chromatography using a Sepharose
Q column, as previously described [Leal et al., 2004]. In all
purification steps, protein concentration was determined by the
Bradford assay. Fractions eluted from the Sepharose Q column
were subjected to SDS-PAGE to identify those enriched with the
ATR protein. In some cases before ATR enzymatic assay, wild-type
and mutant ATR proteins were further purified by hydroxyapatite
chromatography at 41C using as mobile phase a gradient of
10–400 mM potassium phosphate buffer pH 8, and 5 mM KCl.
Fractions containing ATR of the highest purity were pooled and
concentrated using an Amicon concentrator to a final concentra-
tion of 10 mg/ml.
Full-length cDNA of wild-type MMAB was generated from total
RNA fibroblasts by RT-PCR and cloned into pGEM-T vector
(Promega, Madison, WI). Subsequently, MMAB cDNA was
further excised and inserted into HindIII/EcoRV sites of
pFLAG–CMV-5c expression vector (Sigma, St. Louis, MO) to
obtain MMAB cDNA coupled with FLAG-tag at the C-terminus
(pFLAG–MMAB).
Eukaryotic expression analysis was performed in the P4
fibroblast cell line stably transformed with pBABE kindly provided
by Dr. JA Enriquez (University of Zaragoza, Spain). A total of
4 105 transformed cells were transfected using 2.5 mg of normal
or mutant pFLAG–MMAB constructs using lipofectamine 2000
(Invitrogen); then the cells were grown at 27 or 371C. Harvested
cells were used to determine ATR activity, which was indirectly
measured by the analysis of [14C]-propionate incorporation into
acid-precipitable material in intact cells grown in basal medium
[Perez-Cerda et al., 1989]. Propionate oxidation is catalyzed by
two mitochondrial enzymes: the biotin-dependent propionyl-CoA
carboxylase and the AdoCbl-dependent methylmalonyl-CoA
mutase. AdoCbl is synthesized by ATR, and the patients with
defects in the MMAB gene exhibit deficient propionate incorpora-
tion. Statistical analysis was performed using an F-test analysis of
variance followed by a one-tailed paired t-test. Values of Po0.05
were considered significant.
Enzyme Activity Assays
ATR activity was measured as previously published [Johnson
et al., 2001] with minor modifications. Assays contained 200 mM
Tris-HCl pH 8.0, 1.6 mM KH2PO4, 2.8 mM MgCl2, 100 mM KCl,
0.4 mM ATP, and 80 mM OHCbl (Sigma-Aldrich, St. Louis, MO).
A total of 800ml aliquots of the reaction mixture was dispensed
into cuvettes kept at 371C. Titanium (III) citrate (10 ml) was
added, the reaction initiated by the addition of 10–100 mg of
purified protein, and the decrease in absorbance at 388 nm was
monitored. Anaerobic procedures were used to prepare the
reaction mix, the protein solution and titanium(III)citrate.
Measurement of Dissociation Constants
The equilibrium dissociation constants (Kd) for cob(II)alamin
analogs were determined fluorimetrically as described by
Chowdhury and Banerjee [1999] with modifications. To deter-
mine the Kd values, 40–150mg of protein in 50 mM Tris-HCl
buffer, pH 8.0, were added to a quartz cuvette and successive
aliquots (1–10 ml) of the cobalamin analogue (2–7 mM) were
added, then the fluorescence (excitation wavelength: 280 nm,
emission wavelength 340 nm) was measured after each addition.
The Kd for cob(II)alamin was determined under anaerobic
conditions by monitoring the shift in the UV-visible spectrum
from 300 to 750 nm using 10 mM cob(II)alamin and varying
concentrations of ATR as described previously [Yamanishi et al.,
2005]. The kinetic data were analyzed using the IGOR Pro6
software (WaveMetrics Inc, Lake Oswego, OR).
Western Blot Analysis
Protein concentration in fibroblast and bacterial cell extracts
was determined using the BIO-RAD protein assay (Bio-Rad, Bio-
Rad Laboratories, Munchen, Germany) following the manufac-
turer’s protocol. Equal amounts of total protein for bacterial cell
extracts were loaded onto a 10% Laemmli SDS-PAGE System.
After SDS-PAGE or native gel electrophoresis, proteins were
transferred to a nitrocellulose transfer membrane (GE Healthcare,
Buckinghamshire, UK) using a BIO-RAD apparatus in Tris
(25 mM)–glycine (192 mM)–methanol (20%) without SDS
for 1 hr. Poinceau staining was used to monitor equal loading
of protein. Immunodetection was carried out using commer-
cially available anti-ATR antibodies (ProteinTech Group Inc,
Chicago, IL) as primary antibodies diluted 1:1,000. The secondary
antibodies used were conjugated goat–antimouse IgG-horseradish
peroxidase (1:10,000) (Santa Cruz Biotechnology Inc, Santa Cruz,
CA) and were detected using the Enhanced Chemiluminescence
System (GE Healthcare). Relative protein amounts were
determined using a calibrated densitometer GS-800 (BioRad,
Hercules, CA).
Oligomeric State of ATR
Size-exclusion chromatography using a Superdex 200
(1.2 92 cm) column was performed to assess the oligomeric
state of the wild-type and mutant ATR proteins. A total of 100mg
of protein purified by ammonium sulphate precipitation and
anion-exchange chromatography was applied to the column in
50 mM Tris-HCl buffer pH 8.0, 100 mM KCl, and a flow rate of
2.0 ml min1. Molecular mass value estimations were obtained
using a calibration curve generated with molecular weight
standards (BioRad).
Blue native electrophoresis was performed using 4–16% Native
PAGE gels, Native Marker, and Native running buffer from
Invitrogen. Samples were prepared with 4Native sample buffer
with G-250 sample additive (Invitrogen). The electrophoretic
separation was performed at 41C for 1 hr at 150 V, followed by
another hour at 250 V. Lanes containing purified ATR and
molecular weight marker were stained using 2% Coomassie
Brilliant Blue R-250 (BioRad) solution in acetic acid and destained
in acetic acid: methanol: water (0.5:2:2). The remaining lanes were
transferred to a PVDF membrane using the iBLOT system from
Invitrogen. Immunodetection was carried out as described above.
Protein Stability Studies
The stability of the wild-type and mutant p.I96T and p.R191W
proteins expressed in the prokaryotic system was investigated by
incubating the transformed cells at 37 or 271C following IPTG
induction. Soluble supernatant was incubated at 37 or 271C,
aliquots were removed at different time points, and the cell
extracts were subjected to SDS-PAGE. Western blot analysis was
performed as described above. Following densitometric analysis,
relative protein levels were expressed as percentage referred to
time 0.
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Structural Analysis and Molecular Dynamics
Visualization of the crystal structure of ATR and localization of
the mutant residue I96 was performed using DSViewerPro5.0
(Accelrys Inc, San Diego, CA) with the PDB coordinates file 2IDX.
Human ATP:cobalamin adenosyltransferase (hATR) monomers
were modeled using as a template the B and C chains from the
PDB structure 2IDX [Schubert and Hill, 2006], and the program
MODELLER9v7 [Eswar et al., 2006]. The ATP binding loop
‘‘KIYTK’’ was kept in the bound conformation from chain B,
while the unresolved loop ‘‘SSAREAHLKYT’’ in the B chain was
taken from the C chain. Trimer reconstruction was performed by
superposition of the modeled monomer over the 2IDX structure
with the help of the MAMMOTH program [Ortiz et al., 2002]. All
three active sites were modeled as occupied by an ATP molecule.
Models of mutants p.R191W and p.I96T were generated with
the program PyMOL [DeLano, 1998–2003] using the modeled
trimer as template. Protonation states of ionizable groups at pH
6.5 for the three systems were calculated using the H11 server
[Gordon et al., 2005]. The positions of hydrogen atoms, standard
atomic charges, and radii for all the atoms were assigned
according to the ff03 force field [Duan et al., 2003]. The
complexes were immersed in cubic boxes of TIP3P water
molecules [William et al., 1983] large enough to guarantee that
the shortest distance between the solute and the edge of the box
was larger than 13 A˚. Counterions were also added to maintain
electroneutrality. Three consecutive minimizations were per-
formed involving: (1) only hydrogen atoms, (2) only the water
molecules and ions, and (3) the entire system.
Simulation Details
Starting minimized structures, prepared as stated above, were
simulated in the NPT ensemble using Periodic Boundary
Conditions and Particle Mesh Ewald to treat long-range electro-
static interactions. The systems were then heated and equilibrated
in two steps: (1) 200 ps of molecular dynamics (MD) heating the
whole system from 100 to 300 K, and (2) equilibration of the
entire system during 1.0 ns at 300 K. The equilibrated structures
were the starting points for the 15 ns MD simulations at constant
temperature (300 K) and pressure (1 atm). SHAKE algorithm was
used to keep bonds involving H atoms at their equilibrium length,
allowing a 2-fs time step for the integration of Newton’s equations
of motion. ff03 and TIP3P force fields, as implemented in AMBER
10 package [Case et al., 2008], were used to describe the proteins,
the peptides, and the water molecules, respectively. Sample frames
at 10-ps intervals from the molecular dynamics trajectory were
subsequently used for the analysis.
In Silico Stability Analysis
Absolute free energies of the hATR complex and its mutants
(p.R191W and p.I96T) were estimated using the MM-GBSA
[Still et al., 2002] approach as implemented in the AMBER10
package. MM-GBSA method approaches the free energy of
the complexes as a sum of a molecular mechanic (MM)
interaction term, a solvation contribution through a generalized
Born (GB) model, and a surface area (SA) contribution to account
for the nonpolar part of solvation. Distributions of the observed
free energies, measured every 10 ps snapshots along with the
molecular dynamics simulations, were plotted using the R package
[Gentleman, 1997].
In addition, to better characterize the changes produced by the
mutated residues, an energy decomposition analysis in a pairwise
fashion (between the residues surrounding the mutations) was
performed using a cutoff of 5 A˚ from the mutated residues. Polar
contribution to solvation free energies were calculated with GB,
whereas nonpolar contributions were estimated to be proportional
to the area lost upon binding using the LCPO method to calculate
accessible surface areas [Weiser et al., 1999].
These calculations were performed, for each 10-ps snapshot
from the simulations, using the appropriate module within
AMBER 10 package. Free-energy decomposition interaction
matrix was represented in an energy dependent color gradient
using the program matrix2png [Pavlidis and Noble, 2003].
Results
P1, P2, and P4 patients showed normal MUT activity and P1
and P2 exhibited in vitro responsiveness to B12 (Table 1). The age
of onset and the clinical outcome of these patients are summarized
in Table 1. The p.I96T (c.287T4C) sequence change was
identified in three of the patients (P1, P2, and P3). This mutation
was found in combination with the missense change p.R191W
(c.571C4T) and in two siblings in combination with c.584G4A
mutation, affecting the last nucleotide of exon 7 in the MMAB
gene. This last mutation results in exon 7 skipping (r.520_584del)
in patient fibroblasts, which would result in a premature stop
codon (p.S174fs) (Fig. 1A).
The RT-PCR pattern and subsequent sequence analysis of the
amplified products obtained from patient P4 fibroblasts, showed
the presence of two bands, one of them corresponding to the
skipping of exon 3 (r.197_290del), which is predicted to generate a
truncated protein and the other one corresponding to an in-frame
deletion of two amino acids (r.349_354del6, p.I117_Q118del) due
to activation of a cryptic splice site inside exon 5. The genomic
DNA analysis showed two nucleotide changes c.290G4A and
c.3491G4C in the last nucleotide of exon 3 and in the 30 splice
site of intron 4, respectively (Fig. 1B).
Functional Analysis of the Splicing Mutations
In this work, we have investigated the functional effect of the
three nucleotide changes affecting splicing (c.290G4A,
c.3491G4C, and c.584G4A) using a cell-based splicing assay.
In the patient fibroblasts, only transcripts resulting from the
skipping of exon 7 and exon 3 derived from the c.584G4A and
c.290G4A alleles are detected. However, if correct splicing
occurred occasionally, a mutant protein with the p.R195H and
p.G97E changes would result. A minigene functional splicing
assay was employed to investigate this possibility. All splicing
mutations were cloned in minigenes and transfected in Hep3B,
HEK293, or COS cells. All the mutants resulted in aberrant
splicing. In addition of the strong 30 and 50 splice sites, the
pSPL3 vector has after the multiple cloning site, cryptic 30 and 50
splice sites. In the case of the c.290G4A and c.584G4A mutant
constructs, both splicing sequences were used—the classical
and the cryptic one—and therefore the fragment amplified
contained a vector sequence generated from use of the weaker
cryptic spice sites (Fig. 2) In the case of c.584G4A a small but
detectable amount of the correctly spliced transcript (resulting in
the p.R195H change) was observed.
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Figure 2. Splicing cellular minigene analysis. RT-PCR pattern obtained after transfection with the corresponding wild-type and mutant
minigene constructs and schematic representation of each minigene construct. The PCR from the c.290G4A and c.3491G4A minigenes was
performed using minigene-specific primers while in the c.584G4A, a specific forward primer located at the junction of the vector sequence,
and exon 6 was used to prevent different bands obtained when minigene-specific primers are used. All fragments were sequenced and the
schematic representation of the resultant transcripts is indicated. Gene fragments corresponding to exon 3 (A) or exon 5 (B) and flanking 30 and
50 intronic regions were amplified from patients and cloned into the pSPL3 vector (gray line and box). For the c.584G4A minigene, the amplified
fragment included exon 6, intron 6, and exon 7 and also the intronic sequence adjacent to both exons. The exonic sequences of the pSPL3
vector are highlighted in black boxes (V-boxes: vector sequence) and shaded boxes refers to the sequences involved when the cryptic splice
sites are used (A and C). The sequence of the RT-PCR fragment obtained with the normal minigene (c.290G, c.3491G, and c.584G) revealed the
presence of a normal transcript with the corresponding exon included. In the two former cases we have also detected a slight band
corresponding to a complete skipping of exon 3 and 5 that cannot be amplified in the third case. The sequence of the fragment obtained
after transfection with the mutant construction containing the c.290A or c.584A changes revealed the presence of a vector sequence of
119 bp inserted in the aberrant transcript due to activation of a 30 and 50 cryptic splice site located in the vector sequence following the
poly-cloning site.
Figure 1. Schematic representation of the mutations mapped in genomic DNA and RT-PCR pattern from fibroblast. A: Patient P2 carries one
nucleotide change located on exon 7 (c.584G4A) and a missense change on exon 3 (c.287C4T; p.I96T). The transcriptional profile shows three
bands corresponding to the skipping of exon 7 transcribed from the allele bearing the c.584G4A change, a normal band from the allele bearing
the c.287 T4C and a heteroduplex extra band (upper band). B: Patient 4 carries a change located on the last nucleotide of exon 3 (c.290 G4A)
and an intronic change (c.3491G4C) in intron 4. The RT-PCR pattern shows a smaller band without exon 3 resulting from the c.290G4A
change and a larger one with an in-frame deletion of the first six nucleotides of exon 5 from the allele bearing c.3491G4C.
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Functional and Structural Analysis of the Missense
Mutations
Because the three patients responsive to B12 in vitro share the
p.I96T mutation described previously [Merinero et al., 2008], we
sought to analyze the kinetic stability properties of the mutant
protein. Residue I96 is located in helix a1 (Fig. 3A), distant from
the ATP binding site, whereas residue R191 projects into the
central cavity of the trimeric protein. Given the location of the
I96 residue in a1 helix, the mutation could change the stability of
the protein and/or perturb binding of the substrates, ATP, and
cobalamin, but is not predicted to be involved in trimer
formation.
Absolute free energies for wild-type hATR and the mutants,
p.R191W and p.I96T, were estimated by the MM-GBSA method
and predicted a decrease in stability for the p.R191W mutant
(15,026.93768.35 kcal/mol) compared to the wild-type ATR
(15436.88772.76 kcal/mol) or the p.I96T mutant (15,441.07
767.06 kcal/mol). In fact, a significant difference was not found
between wild-type ATR and the p.I96T mutant (Supp. Fig. S1).
In addition, pair-wise interaction energies were calculated for
the residues surrounding the mutations. In p.R191W, a network of
hydrogen bonds at the trimer centre involving R191 and E91
residues was detected, linking the three monomers (Fig. 3B). The
equivalent interaction in p.R191W mutant is substantially
diminished (Fig. 3C). However, this energy loss is compensated,
Figure 3. Structural analysis of missense mutation. A: Location of the p.I96T and p.R191W mutations in the crystal structure of human ATR.
The enzyme is a homotrimer, with each subunit (shown in a different shade of blue) composed of a five-helix bundle and with the active site
located at the subunit interfaces. Residue I96 is located in helix a1, distant from the ATP binding site, while residue R191 projects into the central
cavity of the trimeric protein. ATP (red) and the residues, I96 (blue) and R191 (gold) are shown in stick representation. This figure was generated
from the PDB file 2idx. B: Wild-type hATR trimer core (represented as cartoon) showing hydrogen bonds (dashed yellow lines) between residues
E91, R190, and R191 (represented as sticks). C: R191W mutant hATR trimer core (represented as cartoons) showing hydrogen bonds (dashed
yellow lines) between residues E91, R190, and R191 (represented as sticks).
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at least in part, by a new inter subunit hydrogen bond pattern
established between the R190 and E91 residues. In addition, the
effect of the stacked conformation adopted by the mutant W191
residue creates a distortion in the trimer core that is reflected by
other changes involving the interaction profile of E84, especially
those related to R194 and R195, and the interaction between R190
and bound ATP (data not shown). On the contrary, a significant
difference in the pair-wise interaction energy when comparing the
I96T mutant to the wild-type protein was not observed.
Wild-type and mutant (p.I96T) ATR were expressed in E. coli
and purified. The degree of purification was estimated to be 95%
after the first step and 99% after the final step. The specific
activity and kinetic parameters for wild-type and p.I96T ATR were
measured in parallel (Table 2), and similar results were obtained
with and without the last hydroxyapatite purification step. The
p.I96T mutant exhibits a slight reduction in specific activity,
retaining 60% of wild-type levels with no significant differences in
the Kds for ATP or cobalamins, with the exception of CNCbl,
which showed a 1.7-fold increase in Kd.
The oligomeric profile of the p.I96T mutant protein was
analyzed by size-exclusion chromatography following ammonium
sulphate precipitation and anion-exchange chromatography.
Under these conditions, the protein exists mainly as a trimeric,
similar to wild-type ATR (data not shown). Electrophoresis under
nondenaturing conditions detected aggregates of ATR in the crude
cell lysates (supernatants or pellets) with either wild-type or
mutant ATR, although the size distributions were different (Fig. 4).
Wild-type ATR showed lower molecular weight aggregates
(250 kDa), while the majority of the protein was present in a
trimeric form. The p.I96T mutant showed both trimeric and
monomeric forms. Both supernatant and crude extracts of mutant
proteins showed a significant reduction in the amount of protein
recovered, more pronounced in the case of p.R191W that could
not be detected under any conditions (Fig. 4).
Next, we investigated the relative stabilities of the p.I96T and
p.R191W mutants expressed in bacteria grown at 371C or 271C
(Fig. 5). The p.I96T mutant was found to have a significantly
decreased half life (Fig. 5A) compared to wild-type protein at
371C (34 vs. 85 hr). At lower temperature (271C) the half-lives for
both proteins increased (Fig. 5B).
R191 projects into the central cavity of the trimeric ATR
structure (Fig. 3A); interactions between this residue from
adjacent monomers might play a role in stabilizing the quater-
nary structure of the protein. In fact, the p.R191W mutant was
highly unstable at 371C (Fig. 5A) with a half-life of 1.3 hr. The
expression level of the mutant increased when the cells were grown
at 271C, with a corresponding increase in its half-life to 26.5 hr
(Fig. 5B).
Wild-type and mutant ATRs were also expressed as fusion
proteins with a FLAG tag in a cblB fibroblast cell line (P4). Cells
were cultured at 37 and 271C, and the [14C]-propionate
incorporation levels were determined as an indirect measure of
ATR activity in the transfected cells. At 371C, the mutant p.I96T
and p.R191W proteins showed a statistically significant reduction
in [14C]-propionate incorporation: 65 and 52% of wild-type
levels, respectively. When the cells were grown at 271C, [14C]-
propionate incorporation levels of p.I96T and p.R191W mutants
increased to levels close to wild-type ones (Fig. 6).
Discussion
The focus of this work was the functional analysis of five cblB
mutations and the investigation of the underlying molecular
mechanism of in vitro B12 responsiveness observed in three MMA
patients belonging to the cblB class. The results obtained indicate
that all five nucleotide changes are disease-causing mutations,
opening the possibility for genetic counseling, carrier identifica-
tion, and prenatal diagnosis in at-risk families, and allowing
determination of possible phenotype–genotype correlations and
mutation-specific therapies.
Regarding the functional analysis of the exonic and intronic
nucleotide changes affecting splicing, our results suggest that there
are negligible levels of normal transcript associated with the
mutations studied, from fibroblasts from patients and in cell lines
(Hep3B, Hek293, and COS cells) transfected with the correspond-
ing minigenes. Based on our data, the in vitro responsiveness in
these patients might be associated with the missense changes,
p.I96T or p.R191W. In relation to patient P4, who bears two
splicing mutations, no stimulation of [14C]-propionate was
observed when cells were supplemented with OHCbl. However,
given that the patient is clinically asymptomatic, the in-frame
deletion of two amino acids resulting from the c.3491G4C
allele might a retain certain degree of activity. Addressing this will
be the aim of future investigations.
The three in vitro B12 responsive patients (P1, P2, and P3) share
the missense mutation p.I96T, which was expressed in a
prokaryotic system in order to analyze its structural and kinetic
properties. The mutant protein showed a modest reduction in
specific activity but normal binding affinity for ATP and
cob(II)alamin substrates. Inconsistent results were obtained in
Figure 4. Oligomeric state of ATR. Blue native gel electrophoresis of
cell extracts subjected to immunodetection for ATR. Lane 1, 1mg of
purified wild-type hATR; lane 2, total extract from nontransformed BL21
bacteria; lanes 3–5, whole-cell extracts from uninduced bacteria
transformed with wild-type ATR plasmid (lane 3), p.I96T ATR (lane 4),
and p.R191W ATR (lane 5); lanes 6–14 induced transformed bacteria.
Lanes 6, 7, and 8, whole-cell extracts of wild-type (1mg), p.I96T (2.5mg),
or p.R191W (20mg); lanes 9, 10, and 11, supernatant of wild-type (1mg),
p.I96T (2.5mg), and p.R191W (20mg) after centrifugation of sonicated
cell extracts; lanes 12, 13, and 14, pellets from wild-type (1mg), p.I96T
(2.5mg), and p.R191W (20mg) obtained after centrifugation.
Table 2. Comparison of Kinetic Parameters for Wild-Type
and p.I96T ATR
Wild type p.I96T
Specific activity (nmol min1 mg1) 200710 123719
KM (mM) ATP 6.271.3 7.871.9
Kd (mM) AdoCbl 1.770.4 2.5870.62
Kd (mM) OHCbl 8.571.1 7.871.6
Kd (mM) CNCbl 7.870.5 13.370.3
Kd (mM) Cob(II)alamin 3.671.6 1.3770.33
Data are the mean of at least two independent experiments each performed in
duplicate.
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evaluating the effect of the mutations on the oligomeric structure
of the protein. Thus, size-exclusion chromatography revealed a
normal oligomeric profile, while native gel electrophoresis
indicated an aberrant profile. In the former case, the purification
of ATR prior to Superdex chromatography might have led to the
separation of monomers, whereas the soluble or crude extracts
loaded on the native gel allowed detection of all the ATR forms
and involved only minor manipulation. However, the significantly
lower levels of mutant protein observed by native gel electro-
phoresis, and the lower stability suggests that loss of biological
function in the p196T mutant might be due to abnormal folding
rather than a change in oligomeric state. Impaired protein folding
can enhance degradation (e.g., in Gaucher and lysosomal storage
disorders), lead to deposition of misfolded protein (e.g., in
Alzheimer’s disease) or result in an inactive form [Gamez et al.,
2000; Majtan et al., 2010].
When both mutant proteins are expressed in E. coli under
permissive low-temperature conditions, the steady-state levels of
ATR and its half-life are increased. Similar results were obtained
using a eukaryotic expression system where the level of 14C-
propionate incorporation was similar to control values when the
transfected cells were grown at 271C. Expression studies of the
p.R191W mutation in E. coli have been previously described using
a GST fusion protein in which its stability was not mentioned
[Zhang et al., 2006]. In contrast, in Salmonella enterica, the
p.R191W mutant was expressed at lower levels than the control,
indicating that it impairs proper folding and leads to degradation
mediated by cellular proteases [Fan and Bobik, 2008]. The residual
activity associated with the pR191W mutant was reported to be
30% in the E. coli system and undetectable in S. enterica [Fan and
Bobik, 2008; Zhang et al., 2006]. Mutations affecting residues close
to the 191 position, for example, R190H and p.E193K, are also
Figure 5. Degradation time course for wild-type p.I96T and p.R191W ATR at 371C and 271C. Crude cell extracts from cultures expressing wild-
type or p.I96T or p.R191W ATR were incubated at 371C (A) or 271C (B) and aliquots were removed at different time points at 37 and 271C,
respectively, and subjected to SDS-PAGE and Western blot analysis as described in the Methods section. Protein amounts were quantified by
laser densitometry. The data are the mean7SD and represent the percent density of each protein relative to its density at time 0. The half-life of
each protein is noted.
1040 HUMAN MUTATION, Vol. 31, No. 9, 1033–1042, 2010
unstable in all expression systems [Fan and Bobik, 2008; Zhang
et al., 2006] and might represent a region critical for stability.
Our data suggest that p.R191W and p.196T mutants result in
severe folding problems, although when expressed as fusion
proteins with the Flag peptide in an eukaryotic expression system,
residual activity was observed. However, because transient
expression was performed using the P4 cell line, it is possible
that in addition to FLAG stabilization, complementation with the
endogenous ATR might have contributed to the rather high
residual activity of these mutants.
The responsiveness to in vitro OHCbl supplementation could
be explained partially by a stabilizing effect of the cofactor, which
could act as a natural chaperone, as has been described for other
cofactors, for example, tetrahydrobiopterin in phenylalanine
hydroxylase deficiency [Erlandsen et al., 2004; Perez et al., 2005;
Pey et al., 2004]. Other mechanisms may also be operating in the
OHCbl-responsive cell line, P1, because the p.R191W mutant
(albeit with a GST tag) exhibits a 16-fold higher KM for cobalamin
[Zhang et al., 2006]. Defects in ATR might also affect its
interaction with MMAA or MUT proteins, assuming that the
three enzymes operate in a complex and increased levels of B12
might have an stabilizing effect [Banerjee, 2006; Banerjee et al.,
2009].
In addition to the genetic diagnosis of the disease, knowledge of
the mutational spectrum in each population provides insights into
genotype–phenotype correlations. Based on the clinical outcome,
patients bearing the p.I96T mutation exhibit a highly variable
phenotype. Thus, although one of them is clinically asympto-
matic, the other two are either dead or severely neurologically
impaired. These findings also suggest that the missense changes,
p.I96T and p.R191W, might be categorized as a loss-of-function
folding mutations that are usually associated with variable
genotype–phenotype correlation [Andresen et al., 1997; Pey
et al., 2003, 2007]. Interindividual differences in gene expression
of the protein quality control and proteasomal proteins have been
described as phenotypic modifiers in several misfolding diseases
[Dipple and McCabe, 2000a,b].
In conclusion, functional analysis of the mutations described in
this study is relevant to our understanding of the pathogenic
mechanisms of MMA and also for the design of mutation-specific
therapies. In several genetic disorders such as phenylketonuria or
Gaucher’s disease [Bernier et al., 2004; Mu et al., 2008; Pey et al.,
2008], pharmacological rescue of folding mutants or upregulation
of gene expression for mutants with residual activity is currently
envisaged as a possible option for correcting, at least partially, the
phenotype. In the case of the p.I96T and p.R191W mutant
proteins, pharmacological chaperones or compounds such as
statins [Murphy et al., 2007], which may result in activation of
MMAB gene expression, should be explored as potential strategies
to treat the disease if increased steady-state levels and activity of
the protein can be achieved.
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Abstract In this work, we review the clinical and genetic
data in 14 Latin American propionic acidemia (PA) and 15
methylmalonic aciduria (MMAuria) patients. In the PA
patients, we have identified four different changes in the
PCCA gene, including one novel one (c.414+5G>A)
affecting the splicing process. The PCCB mutational
spectrum included two prevalent changes accounting for
close to 60% of the mutant alleles studied and one novel
change (c.494G>C) which by functional analysis is clearly
pathogenic. We have also identified the deep intronic
change c.654+462A>G, and the results of the antisense
treatment in the patient’s cell line confirmed the functional
recovery of PCC activity. All PA patients bearing out-of-
frame mutations presented the disease earlier while patients
bearing in hemizygous fashion p.E168K and p.R165W
presented the disease later. Regarding the MMAuria
patients, we have found three novel mutations in the MUT
gene (c.1068G>A, c.1587_1594del8 and c.593delA) and
one in the MMAB gene (c.349-1 G>C). Two patients with
MMAuria with homocystinuria cblC type are carriers of the
frequent c.271dupA mutation. All mut0, cblB and cblC
patients presented the symptoms early and in general had
more neurological complications, while cblA and mut-
patients exhibited a late-onset presentation, and in general
the long-term outcome was better. The results presented in
this work emphasize the importance of the genetic analysis
of the patients not only for diagnostic purposes but also to
research into novel therapies based on the genotype.
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Introduction
Propionic acidemia (PA, MIM# 606054 ) and methylma-
lonic aciduria (MMAuria, MIM# 251000) are the most
frequent forms of branched-chain organic acidurias, a class
of diseases caused by defects in the catabolism of
propionyl-CoA to succinyl-CoA from the branched-chain
amino acids, valine and isoleucine, and other propiogenic
substrates such as methionine, threonine, odd-chain fatty
acids, and cholesterol. These two autosomal recessive
disorders are caused by defective conversion of propionyl-
CoA to D-methylmalonyl-CoA by the biotin-dependent
enzyme propionyl-CoA carboxylase (PCC, EC#6.4.1.3)
and of L-methylmalonylCoA to succinyl-CoA by the
cobalamin-dependent enzyme methylmalonyl-CoA mutase
(MUT, EC#5.4.99.2), respectively.
The biotin-dependent mitochondrial enzyme PCC con-
sists of two non-identical subunits, α- and β-encoded by
the PCCA (MIM#232000) and PCCB (MIM#232050)
genes, respectively. To date, more than 140 variant alleles
in patients from around the world have been reported in
both genes (Desviat et al. 2004) (http://www.hgmd.cf.ac.
uk). Missense mutations are predominant (∼40%), followed
by small insertions/deletions and splicing mutations and, in
the case of the PCCA gene, by large genomic deletions
(Desviat et al. 2009).
Isolated MMAuria is caused by impairment of the
apoenzyme MUT (mut complementation group) or associ-
ated to the defective transport and synthesis of adenosylco-
balamin cofactor (Adocbl) in the mitochondria (cblA, cblB
and cblDvariant2 complementation groups). Two different
defects have been described in the mut group, mut0 and
mut- , based on the presence or absence of in vitro
responsiveness to B12 (Fowler et al. 2008).
The majority of the changes identified in cblA affected
patients are nonsense or frame-shift mutations with
p.R145X identified as prevalent (Dobson et al. 2002;
Lerner-Ellis et al. 2004; Martinez et al. 2005). Mutations
in the human MMAB gene encoding the ATP:cob(I)alamin
adenosyltransferase (ATR) enzyme are responsible for the
cblB type MMAuria.
MMAuria and homocystinuria cblC type (MMACHC;
MIM 277400, 609831) is the most common genetic defect in
cobalamin metabolism (Lerner-Ellis et al. 2006; Rosenblatt
and Wayne 2001). To date, 55 different mutations in patients
worldwide have been identified, and a duplication of an A at
the c.271 position (c.271dupA or p.R91KfsX14) has been
identified as the most frequent mutation (Lerner-Ellis et al.
2006; Morel et al. 2006; Nogueira et al. 2008; Richard et al.
2009).
The aim of this work was to bring together the clinical
and genetic data of PA and MMAuria Latin American
patients in order to provide insight about the genotype–
phenotype correlations and as the basis for the investigation
and development of “tailor-made” therapies based on the
sequence variants identified in each individual.
Materials and methods
The study included 25 fibroblast cell lines and 4 genomic
DNAs from 14 PA patients, 13 isolated MMAuria patients
and 2 MMAuria with homocystinuria referred to Madrid
from Argentina, Brazil, Chile, and Venezuela for genetic
analysis. All patients were diagnosed after presenting
clinical symptoms and not through neonatal screening.
The clinical data were referred by physicians, and a number
of patients have been tested with different standard IQ tests
at different ages. According to their IQ, we have classified
them as: IQ >79 normal, 50–79 mildly retarded, and IQ <50
severely retarded. Conventional treatment (hypoproteic
diet, carnitine, B12 and biotin administration) were given
to most patients.
To identify mutations in all 7 genes, sequence analysis of
the cDNAs was performed as previously described in
Martinez et al. (2005), Rodriguez-Pombo et al. (1998),
and Richard et al. (2009) from fibroblasts grown in
standard conditions or supplemented with puromycin
(200 µg/mL) for 5 h. The changes identified were
confirmed by sequencing the corresponding genomic
DNA region. When no mutation, or only one mutation,
was found in the cDNA sequence, all exons and intron/
exon junctions were sequenced. The primers used for
cDNA and genomic DNA amplifications were designed
using the ENSEMBL database (http://www.ensembl.org/
index.html) and the corresponding GenBank accession
number. The amplification of the intronic genomic region
of the PCCA, PCCB and MUT genes was done as
previously described (Rincon et al. 2007). The familiar
genetic analysis was carried out for heterozygous patients
to confirm the presence of the mutations in different alleles
and for homozygous patients to rule out the presence of a
genomic deletion.
In the patients with MMAuria with homocystinuria,
exon 2 of the MMACHC gene was directly analyzed by
gene scanning using high resolution melting analysis or
sequenced due to the high frequency of the c.271dupA
mutation in the MMACHC Spanish population (Richard et
al. 2009).
Total mRNA and genomic DNA were isolated using the
MagnaPure system following the manufacturer’s protocol
(Roche Applied Science, Indianapolis, USA). RT-PCR was
performed using the SuperScript III First-Strand enzyme
(Invitrogen, Carlsbad, CA, USA). The DNA mutations are
numbered based on cDNA sequence and intronic position
described in the ENSEMBL database (http://www.ensembl.
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org/index.html) as recommended by the Human Genome
Variation Society (http://www.hgvs.org/mutnomen). Nucle-
otide numbering is based on cDNA reference sequences
GenBank accession numbers NM_000282, NM_000532,
NM_000255, NM_172250 NM_052845, NM_015702.1
and NM_015506 for PCCA, PCCB, MUT, MMAA, MMAB,
MMADHC and MMACHC, respectively, considering nucle-
otide +1 as the A of the ATG translation initiation codon.
Transfection with antisense morpholino oligonucleotides
and determination of PCC enzymatic activity were done as
previously described (Rincon et al. 2007). The functional
analysis of the new change p.R165P identified in the PCCB




In this cohort of PA patients, we have identified 3 PCCA- and
11 PCCB-affected patients. The genotype and the clinical
findings are summarized in Table 1. The mutational spectrum
of PCCA patients included five different mutations all
previously described (Desviat et al. 2004; Rodriguez-
Pombo et al. 1998) except for the novel intronic change
(c.414+5g>a) affecting the splicing process as predicted by
the drastic decrease in splicing score of the 5’ donor site of
exon 5 according to splice prediction programs (www.
fruitfly.org/seq_tools/splice.html and http://ast.bioinfo.tau.ac.
il/SpliceSiteFrame.htm). RT-PCR analysis in the patient’s
cell line grown in the presence of puromycin showed the
insertion of 43 nucleotides resulting from the activation of a
nearby intronic cryptic splice site (r.414ins43).
In the PCCB gene, nine different mutations were
identified. All nucleotide changes but one (c. 494G>C)
have been previously described (Desviat et al. 2004). The
novel change c.494G>C (p.R165P) was transiently
expressed in a eukaryotic expression system showing a
residual activity of 2% of wild-type levels.
Most PCCB disease-causing mutations were identified in
only one allele with the exception of c.1218_1231del14ins12
and c.502G>A which together accounted for 60% of the
mutant alleles studied, similar to the results reported in other
cohorts of Caucasian patients (Ugarte et al. 1999; Desviat et
al. 2004).
We have performed an antisense morpholino oligonu-
cleotide (AMO) transfection to rescue the normal splicing
in the patient’s cell line, P8, bearing the deep intronic
change c.654+462 A>G. PCC activity in the patient’s cells
was measured 72 h after AMO transfection (10–30 µM),
showing the functional recovery of the defect reaching
near-normal levels of PCC activity (data not shown)
Among the 14 PA patients, 1 PCCA and 2 PCCB
deficient have died (at ages 9 months to 8 years) and 11
patients are at the moment alive (range 2–29 years old).
Two PCCA patients and six PCCB patients exhibited early-
onset symptoms, most of them carriers of out-of-frame
mutations. The five late-onset PCCB patients are alive and
all are homozygous or hemyzygous for the missense
mutations p.E168K or p.R165W.
Methylmalonic acidurias
We have identified six mut patients, six cblA, one cblB and
two cblC (Table 2). The mutational spectrum included nine
different sequence variants in the MUT gene, three of them
novel, two small deletions (c.593delA and c.1587_1594del8),
and one nonsense change (c.1068G>A).
The mutational spectrum of MMAuria cblA type
included four different nucleotide changes, all of them
previously described (Martinez et al. 2005). The transcrip-
tional profile of the two cell lines bearing the change
c.733G>A (P22 and P25) revealed the skipping of exon 4
(r.563_733del). The rest of the mutations were small
duplications causing premature termination codons (PTC).
The cblB-affected patient had two splicing mutations,
one of which is novel (c.349-1G>A) located in the 3´ splice
site of intron 4. RT-PCR analysis in the patient’s fibroblasts
showed the presence of two bands, one of them
corresponding to the skipping of exon 3 (r.197_290del)
produced by mutation c.290G>A and the other one
corresponding to an in-frame deletion of two amino acids
(r.349_354del6, p.I117_Q118del) resulting from the allele
bearing the novel change c.349-1G>A, due to the activation
of a cryptic splice site inside exon 5.
All mut type patients are alive (range 8 months to
17 years old) while both cblC cases have died. Concerning
the age of presentation, ten exhibited the early onset
presentation; all five mut0, one cblB, one cblA, and the
two cblC-affected patients. The mut- and the remaining
three cblA patients presented the symptoms later in infancy.
Discussion
The genotype data presented in this work represents a
useful diagnostic tool making possible adequate genetic
counselling, carrier identification, and prenatal diagnosis in
at-risk families, allowing the exploration of phenotype-
genotype correlations and, most importantly, allowing the
investigation of new treatments specifically tailored to the
mutations in each patient.
The mutational spectrum of Latin American PA and
MMAuria patients is arguably similar to those described in
historically related populations such as the Spanish or other
J Inherit Metab Dis (2010) 33 (Suppl 2):S307–S314 S309
Mediterranean populations (Desviat et al. 2004; Martinez et
al. 2005).
We have found five different variation changes in three
unrelated PCCA-deficient patients, one of them novel,
whereas in PCCB-deficient cases we have found a more
homogenous mutational spectrum with two prevalent
mutations (c.1218_1231del14ins12 and c.502G>A). Nine
out of 14 PA patients had at least one copy of either of these
Table 1 Genotypes and clinical findings in Latin American propionic acidemia patients
Patient
no.
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two mutations, allowing their use as molecular diagnosis
markers, eliminating the time-consuming biochemical and
cellular testing currently used to assign the patients to the
PCCA and PCCB groups. These two mutations might also
be excellent candidates for molecular testing in the new PA
patients coming from neonatal screening programmes.
The deep intronic change c.654+462 A>G in the PCCB
gene found in P8 was previously identified in a Turkish
patient (Rincon et al. 2007). The newly identified patient is
of Italian descent and therefore we speculate that this
variant change may have originated in the Mediterranean
basin.
In addition to genetic counselling, one of the main goals
of the genetic analysis of the affected patients around the
world is to search for new therapeutic targets. It is worth
noting that antisense therapy in P8 patient’s cell line rescues
normal splicing and functional PCC activity as previously
described (Rincon et al. 2007) and suggests once more that
the antisense approach might be clinically promising in
inherited metabolic diseases among other genetic diseases
(Gurvich et al. 2008; Lacerra et al. 2000; Pros et al. 2009;
Wood et al. 2007). In both PA and MMAuria, a number of
patients are carriers of this type of deep intronic changes
(Rincon et al. 2007; Perez et al. 2009), and with a small
number of antisense oligonucleotides, several patients may
be treated.
Regarding the mut, cblA, cblB and cblC patients, the
majority of the mutations identified in this work have been
previously described (Acquaviva et al. 2005; Martinez et al.
2005; Worgan et al. 2006; Lerner-Ellis et al. 2006; Richard
et al. 2009), and the four novel allelic variants identified are
presumably disease-causing mutations due to their pre-
dicted severe effect on the corresponding protein.
Regarding MMAuria cblA type patients, all but one of
them carry in-frame or out-of-frame PTC mutations as has
been described in other mutational analyses (Dobson et al.
2002; Lerner-Ellis et al. 2004; Martinez et al. 2005). To
date, several reports have described the therapeutic ap-
proach based on read-through of in-frame PTC to enable
synthesis of full-length proteins (Linde and Kerem 2008). A
high-throughput screen identified the drug PTC124 or
Ataluren®. Recently, clinical trials with this compound
have been underway for cystic fibrosis, Duchenne muscular
dystrophy, and haemophilia patients (http://www.ptcbio.
com). The response to PTC124 depends on the levels of
nonsense transcripts (Kerem et al. 2008), so mRNA
analysis in patients’ cells is relevant for the identification
of patients with a potential to respond to the treatment. We
have described a number of cblA type patients in whom the
PTC transcripts are stable evading the degradation by
nonsense-mediated mRNA decay (Merinero et al. 2008).
This finding has also been recently described in the
MMACHC gene associated to the p.R132X mutation, and
this has been related to a milder form of the disease
(Lerner-Ellis et al. 2009). In any case, although MMAuria
cblA type patients might be the best candidates to be
included in a clinical trial with PTC124, further in vitro
investigation in disease cellular models should be done
before starting treatment.
The mutational analysis also allows the investigation of
phenotype-genotype correlations in order to try to improve the
prognosis. Taking into account the genotype of PCCA patients,
the missense change p.R77W, a loss of function mutation with
intramitochondrial disminished stability (Clavero et al. 2002),
and the new splicing mutation c.414+5G>A might be mild
mutations, associated to late-onset presentation and mild
clinical findings. On the contrary, mutations p.P423L and p.
M373K associated to early-onset symptoms are presumably
severe.
Regarding PCCB-deficient patients, the early-onset
presentation was associated to severe frame-shift changes.
The early-onset patient P9 who presented a severe
neurological and psychomotor delay is carrier of the out-
of-frame mutation p.E331X mutation and the missense
change p.R410W. Functional analysis of this mutant protein
p.R410W showed that it had close to 12% residual activity
with normal immunorreactive PCCB protein (Perez-Cerda
et al. 2003), but in bacterial systems, the protein was able to
fold only in permissive conditions (Chloupkova et al.
2002). Although this change might be considered as a
milder one, the loss of function of folding mutations are
usually associated with variable genotype–phenotype cor-
relations (Andresen et al. 1997; Pey et al. 2003, 2007). The
early-onset patient P8 is compound heterozygous for a
severe deep intronic change and the missense change
p.R165P which severely affects the function of the PCCB
protein in a eukaryotic expression system. Another change
in the same residue, p.R165W, was shown to be a severe
misfolding effect (Chloupkova et al. 2002).
Contrary to neonatal cases, the late-onset PCCB patients
have a more favourable outcome. All of them are alive
although two of them are severely retarded (IQ <50). All
late-onset patients are functionally hemizygous for the
missense changes p.E168K or p.R165W, correlating with
previous studies in which these mild mutations play a
dominant role when associated to a severe mutation in
compound heterozygous fashion (Perez-Cerda et al. 2000).
Concerning MMAuria patients, the muto type exhibited
the most severe form of the disease with early-onset
presentation, while mut- and cblA patients presented a
milder form with late-onset presentation, and in general
normal psychomotor development as previously reported
(Horster et al. 2007, 2009; Merinero et al. 2008). It is worth
noting that in our study cblA patients are the less severe,
usually responsive to B12, as has also been described
(Fowler et al. 2008; Merinero et al. 2008). Only one patient
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homozygous for a missense change was unresponsive to
cobalamin (Merinero et al. 2008) ,and no other disease-
causing mutations were found in the MUT, MMAB and
MMADHC genes in this patient. This patient exhibited a
poorer outcome compared to other cblA patients emphasiz-
ing the fact that cobalamin responsiveness is an important
predictor for the outcome in MMAuria cblA type. In cblB
patient P27, the genotype–phenotype correlation was not
straightforward. He has two splicing mutations but current-
ly the clinical outcome is normal. Further in vitro
expression analysis of these splicing mutations will provide
clues to understanding the associated phenotype. Therefore,
we can conclude that the clinical outcome in MMAuria
depends on the gene affected and on the mutation found in
each gene.
In our cohort of Latin American PA and MMAuria
patients, particularly the latter, the outcome appears to be
less severe compared to other populations with a higher
death rate (Dionisi-Vici et al. 2006; Merinero et al. 2008;
Perez-Cerda et al. 2000). The high frequency of live
patients might be due to a clinical selection due to death
without accurate diagnosis of early-onset patients. There-
fore, implementation of neonatal screening programs in
these countries will increase the detection rate of these
disorders. In addition, the presymptomatic identification of
late-onset patients may improve their outcome due to early
initiation of treatment.
In conclusion, this report contributes to the knowledge of
the genetic basis of organic acidemias in Latin American
countries with useful applications for diagnostic purposes,
and also represents a scientific mainstay to research in
novel therapies based on the genotype. In addition, the
assignment of each patient to a specific gene defect is
helpful to guide clinical decisions and predict long-term
outcome.
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frequent organic acidemias inherited in autosomal recessive fashion. Most of the mutations detected to
date in both genes are missense. In the case of PCCA deﬁcient patients, a high number of alleles remain
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genotype analysis. Eight different deletions were found, corresponding to a frequency of 21.3% of the total
PCCA alleles genotyped at our center. Two of the exonic deletions were frequent, one involving exons 3–4
and another exon 23 although in the ﬁrst case two different chromosomal breakpoints were identiﬁed.
Absence of exons 3 and 4 which is also the consequence of the novel splicing mutation c.231 + 1g > c
present in two patients, presumably results in an in-frame deletion covering 39 aminoacids, which
was expressed in a eukaryotic system conﬁrming its pathogenicity. This work describes for the ﬁrst time
the high frequency of large genomic deletions in the PCCA gene, which could be due to the characteristics
of the PCCA gene structure and its abundance in intronic repetitive elements. Our data underscore the
need of using gene dosage analysis to complement routine genetic analysis in PCCA patients.
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Large genomic deletions and duplications represent 6% of
the reported mutations causing human disease, according to
the Human Gene Mutation database statistics (www.hgmd.cf.a-
c.uk). This frequency has been suggested to be probably an
underestimate given that standard mutation detection methods
do not include systematic searches for genomic rearrangements
[2].
Propionic acidemia is one of the most common organic acide-
mias inherited in autosomal recessive fashion and caused by a
defect of propionylCoA carboxylase (PCC, EC 6.4.1.3), involved
in the metabolism of branched-chain amino acids, odd-num-
bered chain length fatty acids and cholesterol. The enzyme con-
sists of two non-identical subunits, a and b, encoded by the
PCCA and PCCB genes, respectively. The disease is heterogeneous
in clinical manifestation but usually presents in the neonatal
period with vomiting, failure to thrive, lethargy and profoundll rights reserved.
iat), mugarte@cbm.uam.esmetabolic acidosis and can result in neonatal death or mental
retardation [13].
Currently, more than 50 different mutations, mostly missense,
have been reported in the PCCA and PCCB genes [10] (http://
www.uchsc.edu/cbs/pcc/pccmain.htm). To date, a highly hetero-
geneous mutation spectrum has been reported with no prevalent
mutations in the PCCA gene, while a limited number of muta-
tions accounts for most of the mutant alleles for the PCCB gene
[10].
PA patients are routinely genotyped by sequencing cDNA fol-
lowed by genomic DNA analysis to conﬁrm the identiﬁed muta-
tion. Still, 20% of alleles in PCCA deﬁcient patients have
remained uncharacterized at the genomic level. In some of these
cases, cDNA analysis suggested the presence of exonic deletions.
As currently used PCR based diagnostic techniques do not allow
detection of large genomic copy number variations we analyzed
these patients with multiplex ligation probe ampliﬁcation (MLPA)
[19], in some cases in combination with long-range PCR. This ap-
proach revealed for the ﬁrst time a large number of different
large genomic deletions in the PCCA gene causing propionic
acidemia.
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Patients and genetic analysis
A total of 20 PCCA deﬁcient with incomplete genotype after
standard cDNA or genomic DNA sequencing were included in the
MLPA analysis. In positive cases (patients with deletions) available
parental samples were also analyzed by MLPA. Fibroblast samples
were used as source of RNA and DNA. In some cases, only DNA
samples were available. Total mRNA was isolated by Tripure Isola-
tion reagent from Roche and subsequent RT-PCR was done using
primers previously described [17]. For genomic DNA analysis each
exon and their ﬂanking intronic sequences were ampliﬁed sepa-
rately, using PCR primers previously described [4]. The PCR prod-
ucts were sequenced using BigDye Terminator v.3.1 mix (Applied
Biosystems, Foster City, CA) with the same primers used for ampli-
ﬁcation, and analysis by capillary electrophoresis on an ABI Prism
3700 Genetic Analyzer (Applied Biosystems, Foster City, CA).
MLPA analysis
Two hundred and ﬁfty nanogram of DNA puriﬁed from ﬁbro-
blasts was used as starting material with the SALSA P278 PCCA
MLPA kit available from MRC Holland, Amsterdam (www.mrc-hol-
land.com). After hybridization, ligation and ampliﬁcation accord-
ing to the instructions of the manufacturer, 2 ll of the PCR
products were mixed with 0.2 ll of ﬂuorogenic ROX-labeled inter-
nal size standard (LIZ-500), separated on an ABI Prism 3730 Genet-
ic Analyzer and analyzed using the Peakscanner software (Applied
Biosystems, Foster City, CA). For normalization, relative probe sig-
nals were calculated by dividing each measured peak area by the
sum of all peak areas of that sample. The ratio of each relative
probe signal from patients was then normalized to the mean ob-
tained with two control samples. An exon deletion was considered
when the ratio was lower than 0,7. All suspected deletions were
conﬁrmed by a second MLPA analysis and corresponding parental
samples were also subjected to MLPA.
Long-range PCR
Long-range PCR was performed using AccuTaq DNA polymerase
(Sigma, Missouri) following the manufacturers’ recommendations.
Brieﬂy, 500 ng of genomic DNA was subjected to PCR ampliﬁcation
in 50 ll reaction volume containing the enzyme buffer 1X, 500 lM
of dNTPs, 400 nMof each primer, 2% DMSO and 2.5 U of polymerase.
The primers were designed to have TmP70 C to allow a two-step
cycling in the PCR reaction as follows: initial denaturation of 98 C
for 30 s, 30 cycles of 94 C for 15 s, 68 C for 8-10 min, ﬁnal extension
of 68 C for 10 min, soak at 4 C. Primer sequences were designed
based on the genomic contig NT_009952.14 aftermasking the intro-
nic sequences with RepeatMasker (www.repeatmasker.org). Long-
range PCR products were puriﬁed using Qiaex II Gel Extraction Kit
(Qiagen, Hilden) and directly sequenced with BigDye Terminator
v.3.1 mix and subsequent analysis by capillary electrophoresis on
an ABI Prism 3700 Genetic Analyzer (Applied Biosystems, Foster
City, CA). In some cases, long-PCR products were cloned in pCR2.1
TOPOvector (Invitrogen, Carlsbad, CA) prior to sequencing.Genomic
deletionswerenamedaccording to the recommendednomenclature
[12] and (http://www.genomic.unimelb.edu.au/mdi/mutnomen/).
Expression analysis
Stably transformed ﬁbroblasts derived from a PCCA deﬁcient
cell line [5] were used for expression analysis of the
T62_S100del39 mutant protein. Deletion mutation of exons 3and 4 was introduced in the pCMVA45-12 vector coding for
wild-type PCCA by PCR mutagenesis (Quickchange mutagenesis
kit, Stratagene, La Jolla, CA). Transfection was achieved by lipo-
fection using Gene PorterTM (Gene Therapy Systems, San Diego,
CA) cotransfecting with the vector pCMV–PCCB encoding the
PCCB subunit, to achieve maximal expression [5]. PCC activity
was assayed in cells harvested 72 h after transfection by the
method described in [21].
Results
Genetic analysis of PA patients
As reference laboratory our center receives samples from propi-
onic acidemia patients worldwide to perform genetic analysis of
the PCCA and PCCB genes. In the past years, more than 65 PCCA
and 100 PCCB patients have been genotyped, revealing mainly mis-
sense mutations, followed by small insertions and/or deletions and
splicing defects. The mutation detection rate (at the genomic DNA
level) has been 99.9% for the PCCB gene but only 78% for the PCCA
gene.
In some PCCA patients, cDNA analysis revealed different exon
skipping events concerning exons 3 and 4, exon 23, exons 13 and
14 and exons 13–20. In two of the patients heterozygous for the
exons 3–4 skipping, genomic DNA analysis revealed a novel point
mutation in the 50 donor site of intron 3 (IVS3 + 1g > c,
c.231 + 1g > c) (Table 1, Fig. 3B). The mutation affects the invariant
G at position +1 disrupting U1 binding and likely causing a splicing
defect. Intron 3 is only 104 bp long and the splicing score of the 30
acceptor site of exon 4 analyzed with different splice predictor pro-
grammes is very poor (0.38 according to the BDGP, http://
www.fruitﬂy.org/seq_tools/splice.html, and 75.8 according to the
Analyzer Splice Tool based on Shapiro and Senapathy [20], http://
ast.bioinfo.tau.ac.il/SpliceSiteFrame.htm), which could account for
the fact that both exons are skipped together in the mRNA as a con-
sequence of the point mutation.
For the rest of the exon skipping events the genomic DNA lesion
remained elusive. In homozygous patients the corresponding
exons failed to amplify, suggestive of a genomic deletion. Other
PCCA patients carried a missense or splicing mutation in one allele,
and no other mutation was detected after sequencing cDNA or exo-
nic fragments of genomic DNA.
MLPA analysis
MLPA analysis was undertaken to identify exonic copy number
variations that remain undetected by conventional methods. A
total of 20 patients were included in the analysis, some with only
one characterized allele and others with a suspected deletion as
described above.
In 10 patients a homozygous deletion was detected as revealed
by absence of the corresponding probe signals in the MLPA assay
(Fig. 1). In eight patients a heterozygous deletion was deduced
after visual inspection of the electrophoregrams and quantiﬁcation
of the ratio of the relative exon probe signal from patients
compared to control samples (Fig. 2). The results are summarized
in Table 1.
Two of the deletions, exons 3–4 and exon 23 were recurrent.
The ﬁrst was detected by MLPA in a total of 13 alleles (5 homozy-
gous and 3 heterozygous patients) and the second in nine alleles
(4 homozygous patients and one heterozygous). The rest of the
identiﬁed deletions were only found in one patient each. Overall,
a total of 28 alleles in our cohort presented genomic deletions,
corresponding to a frequency of 21.3% in a sample of 66 genotyped
patients in our laboratory (Table 1). MLPA analysis in available
Table 1
Genomic deletions and splice mutation newly identiﬁed in the PCCA gene.
Exonic deletion cDNA change Predicted effect gDNA mutationa N alleles Origin Relative frequency (%)b
D Exons 3–4 r.184_300del p.T62_S100del39 c.231 + 1g > c 2 Australia, Germany 1.5
D Exons 3–4 r.184_300del p.T62_S100del39 c.184-558del4779 11 Italy, Turkey, Greece, USA 8.3
D Exon 23 r.2041_2118del p.V681_A706del26 c.2041-2924del3889 9 Arab countries 6.8
D Exons 3–4 r.184_300del p.T62_S100del39 c.184-727del8860 2 Malaysia 1.5
D Exons 13–14 r.1066_1284del p.V356_G428del73 c.1066-?_1284 + ?del 2 Lebannon 1.5
D Exon 1 – – c.1-?_105 + ?del 1 Italy 0.8
D Exons 17–18 r.1430_1643del p. G477fs c.1430-?_1643 + ?del 1 Span 0.8
D Exons 15–19 r.1285_1746del p.V429_S582del154 c.1285-?_1746 + ?del 1 Germany 0.8
D Exons 13–20 r.1066_1845del p.V356_Q615del260 c.1066-?_1845 + ?del 1 USA 0.8
Total genomic deletions 28 21.3
a According to the recommended nomenclature guidelines www.hgvs.org/mutnomen [9].
b Calculated relative to 132 PCCA alleles analyzed in the laboratory.
Fig. 1. Electrophoregrams obtained in MLPA analysis of samples from control and patients with homozygous deletions. Each peak represents one PCCA exon (denoted by its
number) or a control probe ampliﬁcation (C), recognized by a speciﬁc fragment size (x-axis: fragment size, y-axis: ﬂuorescence intensity). The arrows point to the deleted
exons as shown by absence of the corresponding peaks. Exon 4 is identiﬁed by two different probes.
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deletions.
As described above, most of the deletions were also evident
in cDNA analysis, verifying the results obtained from the MLPA
assay. This was possible either because the patients were
homozygous or because the exonic deletions were in frame,
thus avoiding transcript degradation by the nonsense mediated
decay (NMD) mechanism. In the patient with exons 17–18 dele-
tion, which is out-of-frame, the transcript missing exons 17 and
18 could be detected after treatment of the ﬁbroblasts with
emetine to avoid NMD (40 lg/ml for 16 h) [3]. In the patient
with deletion of exons 15–19, the primers ﬁrst chosen for cDNA
analysis in overlapping fragments precluded the ampliﬁcation of
the deletion transcript. Retrospective RT-PCR analysis with
primers hybridizing to exons ﬂanking the deletion allowed its
detection.
Characterization of chromosomal breakpoints
To establish the boundaries of the two most frequent deletions
long-range PCR and subsequent sequencing using a primer walking
strategy was employed using DNA samples from homozygous pa-
tients with the exons 3–4 and exon 23 deletions.Exons 3 and 4 in the PCCA gene are ﬂanked by large introns of
8.8 Kb (intron 2) and 42.9 Kb (intron 4) (http://www.ensembl.org).
Primers were designed to hybridize to introns 2 and 4 to amplify a
fragment 10 Kb long. In one patient (of Malaysian origin) a band
of 1 Kb was ampliﬁed and in the remaining patients (mostly of
Mediterranean origin) a band of 5 Kb was detected. Thus, two dif-
ferent deletions of estimated sizes of 9 and 5 Kb were present
(Fig. 3A and C).
In the ﬁrst case, chromosomal walking and sequence analysis
identiﬁed a deletion of 8860 bp spanning from intron 2 to intron
4 (c.184-727del8860). Simple repeat sequence within an AluSg ele-
ment was found at both sides of the deletion breakpoint suggesting
Alu-mediated recombination as the origin of the deletion allele.
According to the recommended nomenclature guidelines [9], the
mutation was named c.184-727del8860 or g.13853044_13861904
del, in relation to the numbered nucleotides of human chromo-
some 13 reference sequence (NT_009952.14). In the second case,
a deletion of 4779 nucleotides was identiﬁed, with a CA dinucleo-
tide at both sides of the deletion. The deletion was named c.184-
618del4779 or g.13853152_13857931del (contig NT_009952.14)
(Fig. 3 A and C).
Exon 23 of the PCCA gene is ﬂanked by introns of 12 Kb (intron
22) and 2.3 Kb (intron 23) (http://www.ensembl.org). The same
Fig. 2. Relative probe areas of the peaks corresponding to the 24 PCCA exons analyzed by MLPA of patients with different deletions in heterozygous fashion. Black bars
correspond to the deleted exons, identiﬁed by a decrease of 40–55% in the normalized relative probe area levels (y-axis).
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breakpoints of the exon 23 deletion. Primers hybridizing to introns
22 and 23 and expected to yield a 14 Kb PCR product resulted in a
band of estimated size of 10 Kb in the homozygous patients sus-
pected of harboring exon 23 deletion. Chromosomal walking iden-
tiﬁed a 3886 bp deletion, which was named g.436368_440254del
(nucleotide numbering according to the contig NT_009952.14) or
c.2119-1359del3886. In this case, the sequence GGC was found
at both sides of the deletion (Fig. 3 D and E).
Functional analysis of the deletions
All the deletions presumably result in an internal in-frame dele-
tion in the protein sequence except exons 17–18 deletion which is
out-of-frame (Table 1) and deletion of exon 1 of unpredictable ef-
fect. Although in frame, the larger deletions, involving >70 amino
acids presumably affect the structural and functional properties
of the protein drastically. Deletion of exon 23 (26 amino acids) pre-
dictably results in a functionally null enzyme, as it involves the
biotin binding site [15]. The deletion involving exons 3–4 and
involving 39 amino acids is the most frequently detected and
expression analysis in a eukaryotic system was performed to con-
ﬁrm its functional defect.
The deletion was introduced by PCR mutagenesis in the expres-
sion vector pCMVA45-12 coding for PCCA and normal and mutant
constructs were transfected in a PCCA deﬁcient cell line along with
pCMV–PCCB encoding PCCB subunit of the PCC enzyme. The results
demonstrate a total absence of residual activity of the protein with
the 39 amino acid deletion corresponding to the exon 3–4 skip-
ping, conﬁrming its pathogenicity (Table 2).Discussion
During the last few years genomic rearrangements have been
described for many disease traits, with the appearance of different
techniques for measuring gene dosage. In this work, MLPA was em-
ployed to screen for deletions in the PCCA gene in PA patients with
no mutations in one or both alleles. This strategy has revealed an
unexpected high frequency (21.3%) of deletion alleles, not recog-
nized before. Moreover, this frequency may be considered repre-
sentative of the Caucasian population, since the patients’ samples
were referred from laboratories located in Australia, Europe or
USA. Exonic deletions may largely have escaped identiﬁcation to
date because the routine method for genetic diagnosis of PA pa-
tients has been to screen for mutations by PCR and sequencing.
Only in homozygous patients was a deletion clearly suspected be-
cause of the failure to amplify the exons which were absent in
cDNA.
In some of the heterozygous patients the deletion transcripts
were not detected, either because they correspond to out-of-frame
transcripts with premature stop codons which are subjected to
NMD [16], or because the primers used to amplify the cDNA in
overlapping fragments hybridised to deleted exons. Only in the
case of exons 3–4 an additional PCR product missing exons 3 and
4 was clearly detected, although in two patients a splicing muta-
tion (c.231 + 1g > c) was identiﬁed that accounted for the exon
skipping event. MLPA and long-range PCR identiﬁed two different
deletions of 8.8 and 4.7 Kb in the other alleles with the exons 3–
4 deletion in cDNA. Thus, our results have uncovered three differ-
ent genomic DNA lesions, one point mutation affecting splicing and
two large deletions which all result in the same aberrant mRNA
Fig. 3. Schematic ﬁgure of PCCA gene mutations involving exons 3–4 (A) and exon 23 (D) and breakpoint analysis of the deletions. In panel B the sequence of the splicing
mutation IVS3 + 1g > c (c.231 + 1g > c) is shown. Panels C and E show the long-PCR products and the corresponding sequence analyzes. In panel C, lane 1 corresponds to the
ampliﬁcation product obtained from patients with the deletion c.184-727del8860 and lane 2 to the PCR obtained from patients with c.184-618del4779. In panel E the
ampliﬁcation product obtained from patients with the deletion c.2041-2924del3889 is shown.
Table 2
PCC activities in PCCA deﬁcient ﬁbroblasts transfected with wild-type or mutant PCCA
constructs. The data show the mean ± SD from at least two independent experiments.




pRC/CMV 110.25 ± 139 —
pCMV–PCCA + pCMV–PCCB 2475 ± 927 100
pCMV–PCCA (T62_S100del39)
+ pCMV–PCCB
23 ± 22 <1
Untransfected wild-type ﬁbroblasts 1123 ± 455 —
* Residual activity relative to that obtained with cotransfection with wild-type
PCCA and PCCB constructs.
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analysis to characterize precisely the defect in each patient.
The 4.7 Kb deletion (c.184-618del4779) was present in 11
alleles corresponding to a frequency of 8.3% of the total PCCA al-
leles which makes it the most frequent mutation in our cohort of
patients. Most of the patients carrying this mutant allele are of
Mediterranean origin (Greek, Turkish or Italian), while exon 23
deletion is present in patients of Arab origin, probably reﬂecting
founder effects. These results add relevant information on the
genetic epidemiology of the disease and serve as basis for the
implementation of a diagnostic strategy depending on the patient’s
ethnic or geographical background.
With this study, mutation detection rate in the PCCA gene has
increased to 98.5% in our hands. There are still 1.5% of the
alleles that remain uncharacterized corresponding in all cases to
176 L.R. Desviat et al. /Molecular Genetics and Metabolism 96 (2009) 171–176patients with one previously identiﬁed mutation. The second allele
may harbor a mutation in regulatory or, most probably, in deep in-
tronic regions affecting the splicing process and causing pseudoex-
on insertion in the mRNA, as has been recognized in several
diseases [11,18]. These defects escape detection as the aberrant
mRNA is degraded by the NMD mechanism and intronic sequences
are usually never fully sequenced.
The chromosomal breakpoints have been characterized for
three of the deletions detected by MLPA analysis. In all cases,
repetitive sequence elements, Alu elements or simple repeats,
present at both sides of the deletions, are probably involved in
the generation of the defect, as previously shown for human inher-
ited diseases [1,6]. Repetitive sequence elements may facilitate the
formation of secondary structure intermediates between DNA ends
at deletion breakpoints. Regarding Alu elements, they are fre-
quently involved in homologous unequal recombination generat-
ing human disease [7].
Recently, a 73 Kb deletion from intron 16 to intron 19 was re-
ported in a Saudi PA family [14]. It is tempting to speculate
whether there is some feature of the genetic architecture of the
PCCA gene that inﬂuences its susceptibility to deletions. At
440 Kb, the PCCA gene is signiﬁcantly larger than average, and
harbors especially large introns, 10 of them greater than 20 Kb.
In the DMD gene deletion hot-spots are located in large introns
[8]. According to our results, in the PCCA gene there appears to
be a deletion hot-spot in the region from intron 12 to intron 20
and a second minor one surrounding exons 3 and 4. Repetitive se-
quences constitute 45–55% of the intronic sequences involved in
the deletions, with the sole exception of intron 14 (4 Kb) where
no repeat sequences were identiﬁed using Repeatmasker (http://
www.repeatmasker.org/). A search in the Database of Genomic
Variants (http://projects.tcag.ca/variation) revealed that only one
inversion and no deletions have been detected to affect the PCCA
gene, indicating that rearrangements in this region are not a fre-
quent structural variation of the human genome.
In summary, we report for the ﬁrst time a high frequency of
large genomic deletions affecting the PCCA gene in PA patients,
which are effectively and reproducibly detected by MLPA analysis.
Transcript analysis may aid in the detection or veriﬁcation of the
deletions, but avoiding NMD with emetine or other compounds
should be employed. Alternatively, long-range PCR or real-time
quantitative PCR methods [22] may be employed for conﬁrmatory
testing. Given the high frequency of PCCA gene deletions, screening
for these genomic rearrangements should complement routine
mutation analysis for PCCA deﬁcient patients. Our results are of di-
rect relevance for counseling purpose and clinical management of
patients and predictive testing of relatives, allowing prenatal and
carrier analysis in the affected families.
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ARTICLE
Propionic and Methylmalonic Acidemia: Antisense Therapeutics
for Intronic Variations Causing Aberrantly Spliced Messenger RNA
A. Rinco´n,* C. Aguado,* L. R. Desviat, R. Sa´nchez-Alcudia, M. Ugarte, and B. Pe´rez
We describe the use of antisense morpholino oligonucleotides (AMOs) to restore normal splicing caused by intronic
molecular defects identified in methylmalonic acidemia (MMA) and propionic acidemia (PA). The three new point
mutations described in deep intronic regions increase the splicing scores of pseudoexons or generate consensus binding
motifs for splicing factors, such as SRp40, which favor the intronic inclusions in MUT (r.1957ins76), PCCA (r.1284ins84),
or PCCB (r.654ins72) messenger RNAs (mRNAs). Experimental confirmation that these changes are pathogenic and cause
the activation of the pseudoexons was obtained by use of minigenes. AMOs were targeted to the 5′ or 3′ cryptic splice
sites to block access of the splicing machinery to the pseudoexonic regions in the pre-mRNA. Using this antisense
therapeutics, we have obtained correctly spliced mRNA that was effectively translated, and propionyl coenzyme A (CoA)
carboxylase (PCC) or methylmalonylCoA mutase (MCM) activities were rescued in patients’ fibroblasts. The effect of
AMOs was sequence and dose dependent. In the affected patient with MUT mutation, close to 100% of MCM activity,
measured by incorporation of 14C-propionate, was obtained after 48 h, and correctly spliced MUT mRNA was still detected
15 d after treatment. In the PCCA-mutated and PCCB-mutated cell lines, 100% of PCC activity was measured after 72 h
of AMO delivery, and the presence of biotinylated PCCA protein was detected by western blot in treated PCCA-deficient
cells. Our results demonstrate that the aberrant inclusions of the intronic sequences are disease-causing mutations in
these patients. These findings provide a new therapeutic strategy in these genetic disorders, potentially applicable to a
large number of cases with deep intronic changes that, at the moment, remain undetected by standard mutation-detection
techniques.
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In the past few years, special attention has been given in
the field of genetic diseases to research on mutations af-
fecting splicing, which generally account for 10%–30% of
the total mutant alleles1 and for which novel pharmaco-
logical and molecular therapies have begun to be tested.2
Most of the mutations affecting splicing disrupt conserved
sequences at the exon-intron junctions—namely, the 5′
donor site, the 3′ acceptor site, the polypyrimidine tract
and the branch-point sequence—with different conse-
quences (exon skipping, activation of cryptic splice sites,
etc.) depending on the local sequence context.3–5 Some
mutations affect less well-conserved auxiliary splicing se-
quences—that is, exonic and intronic splicing enhancers
or silencers—which are recognized by specific SR pro-
teins.6 Other types of mutations, rather than disrupting
conserved splice sites, create novel ones that are errone-
ously used by the splicing machinery, resulting in the gen-
eration of aberrant transcripts.4,5 These mutant-activated
splice sequences generally occur deep in introns, causing
the abnormal inclusion of intron sequences (pseudoex-
ons) in the mRNA.7,8 The true prevalence of this type of
mutations is probably underestimated because few labo-
ratories analyze intron sequences far from coding regions,
and, in cDNA, the corresponding transcripts (usually with
a frameshift and a premature termination codon [PTC])
are degraded by the nonsense-mediated mRNA decay
(NMD) mechanism. NMD is a well-conserved mechanism
that occurs naturally in cells and that actively degrades
PTC-bearing transcripts, thus preventing the generation
of truncated proteins that are potentially toxic to cells.9
Alleles with intronic mutations activating cryptic splice
sites are particularly amenable to therapeutic correction
if use of the aberrant splice sites can be blocked, because
the wild-type splice sites remain intact, thus retaining the
potential for normal splicing. In this respect, antisense
oligonucleotides have been used successfully to restore
normal splicing in several disease models, such as b-thal-
assemia/HbE disorder,10 cystic fibrosis,11 ocular albinism
type I,8 and ataxia telangiectasia.12 Antisense oligonucle-
otides modulate the splicing pattern by steric hindrance
of the recognition and binding of the splicing apparatus
to the selected cryptic sequences, thus forcing the ma-
chinery to use the natural sites. This strategy has also been
used in Duchenne muscular dystrophy to force the skip-
ping of a deleterious exon containing a premature stop
codon.13
In this work, we report the identification of three novel
deep intronic mutations that lead to the insertion of a
pseudoexon or cryptic exon in the mRNA of patients with
methylmalonic acidemia (MMA [MIM 251000]) or pro-
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pionic acidemia (PA [MIM 606054]). These are the two
most frequent organic acidemias affecting the propionate
oxidation pathway in the catabolism of several amino ac-
ids, odd-chain fatty acids, and cholesterol.14 Both are life-
threatening diseases that appear in the neonatal or infan-
tile period and are caused by different gene defects
inherited in autosomal recessive fashion and affecting the
synthesis or function of two of the major enzymes of the
pathway, propionyl coenzyme A (CoA) carboxylase (PCC
[EC 6.4.1.3]) and methylmalonylCoA mutase (MCM [EC
5.4.99.2]), or of their coenzymes (biotin and adenosyl-
cobalamin, respectively). Three consecutive enzymatic re-
actions are responsible for the conversion of proponylCoA
to the succinylCoA that enters the Krebs cycle. The first
reaction involves PCC that catalyzes the carboxylation of
propionylCoA to D-methylmalonylCoA, which is then
converted to the L form by a racemase, and, finally, the
MCM enzyme catalyzes the isomerization of L-methyl-
malonylCoA to succinylCoA.14
Mutations in any of the two genes, PCCA or PCCB,
which encode both subunits of the PCC enzyme, cause
PA, whereas mutations in the MUT gene, which encodes
the MCM enzyme, or in the genes MMAA and MMAB (re-
sponsible for the intramitochondrial synthesis of adeno-
sylcobalamin) cause isolated MMA. The molecular bases
of these disorders are well known, with 150 different mu-
tations described for each of the PCCA, PCCB, and MUT
genes. Missense mutations are the most frequent defects,
followed by splicing mutations, which account for 15%–
20% of the total alleles.15,16
In this work, we describe three genomic alterations—
one in the MUT gene, one in the PCCA gene, and one in
the PCCB gene—that are responsible for the aberrant in-
sertion of intronic sequences in patients’ mRNA. The in-
tronic pseudoexons aberrantly inserted in the mRNA were
targeted with antisense morpholino oligonucleotides
(AMOs) that prevent aberrant splicing, thus generating
normal mRNA, which is translated into functional pro-
tein, achieving therapeutic correction of the defect.
Material and Methods
Genetic Analysis of Fibroblast Cell Lines
The study included fibroblast cell lines from one Spanish patient
with MMA described elsewhere17 and from two patients from
Turkey with PA, one PCCA deficient and the other PCCB deficient.
Genetic analysis was performed using fibroblast cell lines as the
source of mRNA and genomic DNA (gDNA). Total mRNA was
isolated by Tripure Isolation reagent (Roche), and subsequent RT-
PCR was done using primers and conditions described else-
where.17,18 The PCR products were sequenced with the same prim-
ers used for amplification, with BigDye Terminator v.3.1 mix and
subsequent analysis by capillary electrophoresis on an ABI Prism
3700 Genetic Analyzer (Applied Biosystems). BLAST analysis was
used to localize the inserted sequence. Intronic gDNA was am-
plified using primers located in intron 14 (5′-GTAACCCGTTTAC-
TAGTTGCC-3′ and 5′-CACTATAACATACCTGAAGGG-3′) for the
PCCA gene insertion, primers located in intron 5 (5′-TATCTTTCC-
ACAGATAATGCCTC-3′) and intron 6 (5′-AAGCAAGGTTTGAGA-
TGAATGG-3′) for the PCCB gene insertion, and primers located
in intron 11 (5′-GGCTTCCAGCTTCATCCATG-3′ and 5′-TGGCAC-
GTGCCTGTAGTACC-3′) for the MUT gene insertion. The inser-
tions and gDNA mutations were described as recommended by
the Human Genome Variation Society (HGVS). The DNA muta-
tions are numbered on the basis of cDNA sequence and intronic
positions described in Ensembl. The genomic changes were stud-
ied in 300 control alleles by restriction analysis with use of NlaIII,
BsaAI, and BbsI to detect the PCCA, PCCB, and MUT intronic
mutations, respectively.
Splice scores of the natural and cryptic donor and acceptor sites
were determined using the analysis tools from the Berkeley Dro-
sophila Genome Project (BDGP), and prediction of the presence
of exonic splice enhancer or silencer sequences was performed
using ESEfinder,6 Rescue-ESE19 (RESCUE-ESE Web Server), and
PESX20 (PESXs Server).
Oligonucleotide Treatment and Analysis
The 25-mer AMOs were designed, synthesized, and purified by
Gene Tools and were targeted to donor or acceptor cryptic splice
sites in the pre-mRNA for each of the intronic inserted sequences
in accordance with the manufacturer’s criteria.21 The sequence of
the AMOs used is shown in figure 1. Endo-Porter (Gene Tools)
was used as the delivery mechanism. For AMO treatment,
fibroblast cells were grown in 6-well plates, and, after54–5# 10
overnight culture, different concentrations of AMO with 6-8 ml/
ml of Endo Porter were added to the culture medium. Cells were
harvested at different times, and mRNA was isolated as described
above.
As we have described elsewhere,17 the affected patient with an
MUT mutation is compound heterozygous for the intronic in-
sertion and a splicing mutation in the last nucleotide of exon 10
(c.1808GrA), which produces two aberrant transcripts as a result
of the use of cryptic splice sites. For RT-PCR in this patient, we
used a forward primer placed at the junction of exons 10 and 11
(5′-GCTATCAAGAGGGTTCATAAATT-3′) and a reverse primer lo-
cated in exon 13 (5′-CTTAGAAGAAGAGATTTT-3′) to amplify only
the allele corresponding to the pseudoexon insertion between
exons 11 and 12. In some cases, a forward primer placed at the
junction of exon 11 and inserted intronic sequence (5′-TCTTTTC-
CAGAGTCTCGCTCTTT-3′) was used to selectively amplify the
cDNA containing the intronic insertion. For RT-PCR analysis of
PCCA- and PCCB-deficient cell lines, we used primers described
elsewhere.18
PCC activity was assayed as described elsewhere,22 and 14C pro-
pionate incorporation into acid-precipitable material was deter-
mined in intact cells grown in basal medium as propionate me-
tabolism via MCM.23 For the detection of biotin-bound proteins,
fibroblasts were harvested by trypsinization and were freeze
thawed, and protein concentration in cell extracts was deter-
mined by the Bradford assay. Equal amounts of total protein (30–
50 mg) from each sample were loaded onto a denaturing 6% poly-
acrylamide gel. After electrophoresis, proteins were transferred to
PVDF membranes (Immobilon-P [Millipore]), and the biotin-con-
taining proteins were detected with an avidin alkaline phospha-
tase conjugate as described elsewhere.24
Minigene Construction and in Vitro Splicing Analysis
For evaluation of in vitro splicing, the pSPL3 vector (Life Tech-
nologies [Gibco BRL], kindly provided by Dr. B. Andresen) was
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Figure 1. Schematic representation of MUT, PCCA, and PCCB regions around the pseudoexons. Exons and pseudoexons are boxed. The
inserted intronic sequence is shown in uppercase letters, and the surrounding intronic sequence is in lowercase letters. The sequence
of the AMO used is underlined, and splice scores calculated with the BDGP software are denoted above the corresponding 5′ and 3′
splice sites. The mutations are denoted by arrows.
used. Gene fragments corresponding to each pseudoexon and
flanking regions were amplified from patients and from control
DNA and were cloned into the TOPO vector (Invitrogen). For the
PCCB minigene, the amplified fragment included exon 6. The
insert was excised with EcoRI and subsequently was cloned into
pSPL3. Clones containing the desired normal and mutant inserts
in the correct orientation were identified by restriction-enzyme
analysis and automated DNA sequencing. Samples of 2 mg of the
wild-type or mutant minigenes were transfected into Hep3B cells
by use of Jetpei (Polyplus transfections), in accordance with the
manufacturer’s recommendations. At 24–48 h after transfection,
cells were harvested, RNA was purified, and RT-PCR analysis was
performed using the pSPL3-specific primers SD6 and SA2 (Exon
Trapping System [Gibco BRL]). Amplified products were separated
by agarose gel electrophoresis and were further analyzed by ex-
cising the bands from the gel by means of the Qiaex Gel extrac-
tion kit (Qiagen) and subsequent direct sequencing.
Results
Genetic Analysis of Patients
The three patients with MMA and PA exhibited aberrantly
spliced mRNA with an amplified band that was larger than
normal after RT-PCR analysis. Direct sequencing of the
products obtained by RT-PCR and subsequent BLAST
search revealed that the insertions corresponded to in-
tronic sequences flanked by cryptic 5′ and 3′ splice sites,
thus resembling a pseudoexon (fig. 1). In all three patients
the presence of intronic mutations presumably activates
the pseudoexon (table 1), whereas the naturally used ad-
jacent splice sites of the surrounding exons remain func-
tional (fig. 1). These intronic variants were not present in
the National Center for Biotechnology (NCBI) dbSNP, and
none were found in 300 control alleles analyzed.
In the MUT-deficient affected patient, we had previously
detected a 76-bp insertion between exons 11 and 12
(r.1957ins76) in the heterozygous state and corresponding
to an exon-like region in intron 11.17 In controls and pa-
tients with other mutations, the insertion transcript could
be detected using a specific primer.17 The patient’s DNA
was found to have a new CrA change in intron 11 at
position 7 relative to the inserted sequence (IVS11-
891CrA) (fig. 1). The scores of the 5′ and 3′ cryptic splice
sites were 0.72 and 0.98, respectively, and the CrA mu-
tation increased the 5′ cryptic splice site to 0.99. Addi-
tional in silico analysis revealed no significant changes in
splicing regulatory sequences caused by the mutation (no
exonic splicing enhancer [ESE] or exonic splicing sup-
www.ajhg.org The American Journal of Human Genetics Volume 81 December 2007 1265
Figure 2. Splicing assay for the wild-type and mutant minigenes
corresponding to the MUT (A), PCCA (B), and PCCB (C) intronic
changes. The results of the RT-PCR analysis using vector-specific
primers are shown along with the schematic representation of the
transcripts obtained, which were characterized by sequence anal-
ysis. V p vector exonic sequences. The solid line in panel C cor-
responds to a cryptic exon generated during the cloning process.




Sequence mRNA Changeb gDNA Changeb In Silico Effect of gDNA Changec
MUT (4594) Intron 11 r.1957ins76 CrA in position 7 of 5′ donor site
of pseudoexon (IVS11-891CrA)
Increase in splicing score (from .98 to .99)
PCCA (5095) Intron 14 r.1284ins84 ArG in the middle of pseudoexon
(IVS14-1416ArG)
Creates SRp40 binding site and eliminates SRp55
binding site
PCCB (5096) Intron 6 r.654ins72 ArG in position 5 of 5′ donor site
of pseudoexon (IVS6462ArG)
Increase in splicing score (from .93 to 1) in 5′ donor
site of pseudoexon
a Gene identification (ID) numbers correspond to the NCBI Entrez Gene database.
b Mutation nomenclature is as recommended by HGVS. GenBank accession numbers NT_007592 (MUT), NM_000282.2 (PCCA), and NM_000532.3
(PCCB) were used. The genomic and transcript sequences were obtained using Ensembl.
c In silico effect analyzed by ESEfinder and BDGP.
pressor [ESS] predicted by Rescue-ESE and PESX programs
and just a slight decrease in the scores for SC35, SRp40,
and SRp55 by ESEfinder analysis).
In the PCCA-deficient affected patient, we have iden-
tified an 84-bp insertion between exons 14 and 15 of the
PCCA gene (r.1284ins84) in a homozygous state. This 84-
bp insertion corresponds to a pseudoexon in intron 14
and is readily detected in patients with mRNA-destabiliz-
ing mutations and even at low levels in control cell lines25
but never in a homozygous state. No other sequence
changes were detected in the amplified cDNA from the
patient. The pseudoexon was amplified from gDNA of the
patient and was sequenced, revealing an ArG substitution
(IVS14-1416ArG) in the middle of the inserted sequence.
In silico analysis with ESEfinder prediction software
showed that the change created an SRp40 binding site and
eliminated an SRp55 binding site. Rescue-ESE predicted
loss of an ESE sequence and creation of two novel ones.
No change was predicted by the PESX program.
In the PCCB-deficient affected patient, we have iden-
tified a new 72-bp insertion between exons 6 and 7 in the
PCCB gene (r.654ins72) in a homozygous state, corre-
sponding to an intron 6 region resembling an exon with
3′ and 5′ splice sites with high scores (fig. 1). Direct se-
quencing of the genomic region identified an ArG sub-
stitution at position 5 relative to the inserted sequence
(IVS6462ArG), increasing the cryptic 5′ donor splic-
ing score from 0.93 to 1. Additional in silico analysis pre-
dicted creation of an SRp55 site (ESEfinder) and elimi-
nation of a putative silencer (PESX). Rescue-ESE predicted
no changes.
Functional Analysis of the Intronic Changes
To provide evidence that the observed intronic changes
are the cause of the pseudoexon inclusion in the patients’
mRNA, the splicing pattern associated with these changes
was further evaluated using minigenes. Minigene con-
structs with wild-type and mutant pseudoexons and flank-
ing sequences were generated in the pSPL3 vector. The
results of splicing analysis after transfection in Hep3B cells
are shown in figure 2. The wild-type PCCA and PCCB mini-
gene constructs showed practically total absence of pseu-
doexon inclusion. The MUT wild-type minigene produced
two bands corresponding to the pseudoexon insertion and
to a splicing event between the vector splice sites. The
mutant constructs resulted in the pseudoexon inclusion
in all cases, representing the major transcript for the MUT
and PCCB minigenes and part of the transcripts for the
PCCA minigene. Sequence analysis confirmed the identity
of the transcripts in all cases. The major transcript ob-
tained from the PCCB mutant minigene corresponds to
the pseudoexon inclusion along with the insertion of a
vector sequence caused by the cloning-derived creation of
a 3′ splice acceptor site, which was chosen along with a
cryptic 5′ splice site present in the vector (Exon Trapping
System [Life Technologies]).
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Figure 3. Correction of aberrant splicing of MUT, PCCA, and PCCB
genes by AMO targeted to the pseudoexon 5′ or 3′ splice sites. A,
RT-PCR analysis of the MUT-mutated cell line of total RNA extracted
from untreated cells (0 mM) and treated for different times with
the specified amounts of AMO targeted to the 5′ cryptic splice site.
The sense primer used is located at the junction of exons 10 and
11, and the reverse primer is located in exon 13. B, RT-PCR analysis
of the PCCA-deficient cell line untreated or treated for 72 h with
10 or 20 mM of the corresponding AMO targeted to the 3′ splice
site. C, RT-PCR analysis of the PCCB-deficient cell line untreated
or treated for 72 h with 10 or 20 mM of AMO targeted to the 5′
splice site. Lane C, Control cell line.
Restoration of Correct Splicing in MUT-, PCCA-,
and PCCB-Mutated Fibroblast Cell Lines
To demonstrate that these changes are disease-causing
mutations in the patients and to try to rescue PCCA, PCCB,
and MUT expression in the patients’ fibroblasts, we have
investigated the possibility of redirecting transcript pro-
cessing by modified AMOs. The AMOs used were com-
plementary to the 5′ or 3′ cryptic splice sites of the intronic
sequences inserted (fig. 1), to block access of the splicing
machinery to the pre-mRNA. In all three cases, RT-PCR
analysis demonstrated that the AMO used abolished the
alternatively spliced transcript induced by the mutations
(fig. 3).
The optimal conditions for AMO treatments were de-
termined in each fibroblast cell line. The exclusion of in-
tronic sequences in all cases was oligonucleotide se-
quence–specific, since AMO targeted to another gene had
no effect on pseudoexon inclusion (data not shown). In
untreated cell lines, practically no correctly spliced mRNA
was detected, as shown by the lack of band comigrating
with that of the control one (fig. 3). The correctly spliced
fragment was generated 24 h after treatment of the cell
lines with AMO complexed with peptide carrier. The prod-
ucts of aberrant splicing were either absent or present at
much lower levels (fig. 3). The identity of the PCR products
was always confirmed by sequencing.
In the MUT-mutated fibroblast cell line, AMO targeted
to the 5′ splice site prevented the inclusion of the intronic
sequence 24 h after treatment. The experiments showed
dose-dependent correction of splicing (fig. 3A). The larger
band containing the intronic insertion was detected with
10 mM AMO but not with 15 and 20 mM AMO. Using a
primer located in the junction of exon 11 and the inserted
pseudoexon to rescue the larger band, we observed essen-
tially the same results (data not shown).
To test the stability of the restored, correctly spliced
MUT mRNA, the fibroblast cell line was treated with AMO
and was harvested at 1–25 d. In this experiment, the cor-
rectly spliced mRNA was still at high levels at 10 d, and
trace levels of aberrantly spliced mRNA were obtained. At
15 d, similar amounts of normal and larger fragment were
detected, and no normal transcript was obtained at 25 d
(fig. 4).
In PCCA- and PCCB-mutated fibroblasts, we used one
AMO targeted to the 3′ splice site and the 5′ splice site of
the pseudoexon, respectively, and analysis was performed
72 h after AMO delivery. In PCCA RT-PCR analysis, low
levels of the larger band with the 84-bp insertion were
detected in the control sample, as has been described else-
where.25 In the PCCA-deficient patient, the larger band
was completely absent when fibroblasts were exposed to
20 mM of AMO (fig. 3B). In the PCCB-deficient patient,
the larger band also completely disappeared at both con-
centrations of AMO (fig. 3C).
Restoration of Enzymatic Activity in MUT-, PCCA-,
and PCCB-Mutated Fibroblast Cell Lines
To determine whether the RT-PCR studies correlated with
restoration of activities, we measured incorporation of 14C-
propionate to acid-precipitable material (as determination
of MCM activity) and PCC activity in MUT-mutated and
PCC-deficient cell lines, respectively. PCC and MCM ac-
tivities were rescued in the corresponding patients’ fibro-
blasts 48–72 h after treatment with AMO. In the MUT-
mutated heterozygous patient, dose-dependent activity
was rescued at 48 h (fig. 5). The 14C-propionate incorpo-
ration levels were close to 40% compared with control
levels by use of 10 mM AMO and were close to 100% by
use of 15 mM and 20 mM of AMO. In PCC-deficient cell
lines, maximum activities were obtained 72 h after AMO
delivery, reaching control levels of PCC activity (fig. 6).
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Figure 4. Time course of correctly spliced MUT mRNA stability in fibroblasts treated with AMO. Shown is RT-PCR analysis using primers
to amplify MUT and GAPDH genes before treatment and after treatment for up to 25 d with 10 mM AMO targeted to the 5′ splice site.
Figure 5. Functional correction of MCM activity after AMO treat-
ment. MCM activity was measured by incorporation of [14C] into
trichloroacetic acid–precipitable material in the control cell line
(C) and the MUT-mutated cell line untreated or treated with 10,
15, or 20 mM of AMO targeted to the 5′ cryptic splice site. The
cells were harvested 48 h after transfection. The data show the
meanSD from at least four independent experiments, and control
data were obtained from four independent cell lines.
No effect on MCM or PCC activities was obtained after
AMO treatment in cell lines bearing different mutations
and exhibiting some levels of intronic MUT17 or PCCA
gene insertions.
Restoration of Biotinylated Protein in PCCA-Mutated
Fibroblast Cell Line
In the PCCA-deficient cell line, detection of biotinylated
proteins was performed after treatment with the corre-
sponding AMO. As shown in figure 7, PCCA protein,
which is absent before treatment, is detected at close to
normal levels 72 h after transfection with 20 mM AMO.
The protein is already present 48 h after transfection (data
not shown).
Discussion
In this work, we report, for the first time, the applicability
of antisense therapeutics to the correction of aberrant
splicing in two different organic acidemias (three gene
defects), with recovery of functional protein and activity
within the therapeutic range. The targeted sequences cor-
respond to intronic sequences resembling an exon that
are inserted in the mature mRNA, resulting in a PTC-bear-
ing transcript predictably encoding a nonfunctional pro-
tein. The fact that prevention of the aberrant inclusion of
the pseudoexons by use of AMO results in the recovery
of enzymatic activity confirms that the insertions are the
disease-causing mutations in the patients.
The in silico analysis of the pseudoexon 3′ and 5′ splice
sites predict high scores in each case (fig. 1), thus sug-
gesting that such sequences may be included in the ma-
ture mRNA. This prediction holds true for the PCCA gene
insertion, which is detected with standard RT-PCR con-
ditions at very low levels in control cell lines and at higher
levels in samples from patients with frameshift or non-
sense mutations that result in PTC-bearing transcripts de-
graded by NMD.25 The MUT gene insertion can also be
rescued in control cell lines by use of a specific primer,
suggesting that it may be a normally rare transcript part
of the “background” noise of the splicing process.17 Po-
tential 3′ and 5′ splice sites are highly abundant in intronic
sequences, although they alone are insufficient to dictate
exon recognition.26 The fact that pseudoexon inclusion is
not a frequent event during normal splicing has been at-
tributed to defects in splicing regions, despite their ap-
parently good consensus values, and to the enrichment
in splicing silencers.4 However, in the pseudoexons de-
scribed here, a single point mutation activates the pseu-
doexon, thus pointing to their high resemblance to true
exons. This raises the possibility that these pseudoexons
might be part of a splice-controlling mechanism in which
alternative splicing events can regulate gene expression
by inducing the inclusion of the apparent pseudoexon and
leading to NMD, as described for the tropomyosin gene.27
In the MUT-mutated and PCCB-deficient patients in-
cluded in this study, a point mutation raises slightly the
splicing score of the 5′ splice site of the corresponding
pseudoexon, resulting in its aberrant inclusion in the
mRNA. In the PCCA-deficient patient, the only change
identified in the pseudoexonic region corresponds to an
ArG change in the middle of the pseudoexon. Analysis
with ESE prediction softwares (ESEfinder and Rescue-ESE)
identified loss of an ESE and creation of novel ESE se-
quences, specifically a novel binding site for SRp40 (ESE-
finder). This, in conjunction with the high-score cryptic
3′ and 5′ sites, most likely favors the pathogenic intronic
inclusion. SRp40 knock-down experiments will also help
to clarify the underlying mechanism.
In all three cases, evidence that the pseudoexon inser-
tion is caused by the identified intronic mutations is pro-
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Figure 6. Functional correction of PCC activity after AMO treat-
ment. PCC activity was measured 72 h after transfection with 0,
10, or 20 mM of the corresponding AMO in PCCA- and PCCB-deficient
cell lines. The black bar corresponds to control PCC activity mea-
sured in four independent cell lines. Dark-gray bars show PCC ac-
tivity in PCCA-deficient fibroblasts treated with AMO targeted to
the 3′ cryptic splice site. Light-gray bars show PCC activity in PCCB-
deficient fibroblasts treated with AMO targeted to the 5′ cryptic
splice site. The data show the meanSD from at least three in-
dependent experiments.
Figure 7. Recovery of biotinylated PCCA protein after AMO treat-
ment. Biotinylated proteins were detected in total cellular extract
by avidin-alkaline phospahatase assay in the PCCA-deficient cell
line untreated (lane 1) or 72 h after treatment with the corre-
sponding AMO (lane 2). Lane 3, Hepatoma cellular extract. Shown
are the biotin-containing a-subunits of methylcrotonylCoA car-
boxylase (MCCA) and PCCA.
vided by the results obtained with minigenes. The mutant
constructs resulted in pseudoexon inclusion. In the MUT
wild-type minigene, some amount of transcript with the
insertion is detected, as would be expected given that it
is also detectable in control cell lines. However, for PCCA
and PCCB wild-type minigenes, practically no transcript
with the pseudoexon insertion is detected. In the PCCA-
mutant minigene, only part of the resulting transcripts
corresponds to the insertion. This does not exactly mimic
the results obtained in patients’ fibroblasts, probably be-
cause of the lack of a wide-enough genomic context of
the cloned pseudoexon, as has been described for exon
37 in the NF1 gene.4,28 A cloning-created cryptic exon de-
rived from the vector, as occurs in the PCCB minigene, is
a common occurrence with pSPL3,29 but it is clear that
the PCCB pseudoexon is included with the mutant con-
struction but not with the wild-type one, confirming that
the change leads to pseudoexon insertion.
The splicing correction by AMO was sequence specific,
since control oligomers against another gene had no effect
in each case. No obvious cytotoxicity was observed in the
three cases. The persistence of correctly spliced MUT
mRNA 15 d after termination of AMO delivery suggests
that AMO are quite stable in the cell. In all cases, close to
100% of correctly spliced mRNA was detected after stan-
dard RT-PCR analysis, although, with a specific primer, the
presence of aberrant transcript could be confirmed. This
could be because the aberrant transcript is unstable as a
result of the presence of PTC, and the normally spliced
mRNA is amplified preferentially. In addition, the cor-
rectly spliced mRNA can be translated into significant
amounts of active protein, reaching control levels, as
judged by the detection of biotinylated PCCA protein in
one case and enzymatic assays of all three cell lines.
All these results suggest that the antisense approach may
be clinically promising for organic acidemias.Quantitative
analysis of the restoration of enzymatic activity in a pa-
tient to 30%–40% of the normal level (the minimum value
we obtained for the heterozygous MUT-mutated patient)
is therapeutically significant since heterozygotes are
asymptomatic. Interestingly, in both the heterozygous
and homozygous patients, control activity levels can be
reached with AMO treatment. This suggests that, in the
treated-cell population, the amount of functional protein
synthesized from the normally spliced mRNA is sufficient
to correct the enzymatic defect. Studies in model animals,
not feasible to date, would be highly important for dis-
cussions of the applicability of these therapies to organic
acidemias. To date, treatment of PA and MMA relies on a
protein-restricted diet and administration of carnitine and
antibiotics, although management is sometimes poor, and
long-term complications are common.30 Our results offer
a novel mutation-specific therapeutic approach for these
diseases, which may be applicable to a greater number of
cases than is apparent at the moment, because aberrant
intronic insertions may remain undetected with standard
mutation-detection techniques. In this sense, we have de-
tected only one mutation in several patients with PA
and MMA (laboratory data) who could harbor this type
of mutation that results in PTC transcripts that are de-
graded. Treatment of cell cultures with puromycin to
avoid NMD before RNA analysis may reveal additional
intronic insertions.
Morpholino analogs of oligonucleotides have several
characteristics that render them suitable for therapeutic
applications, such as high binding specificity and stability
and resistance to nucleases and to degradation by RNAseH
when forming hybrids with RNA. The major issues facing
clinical applications concern safe delivery and optimal
dose determination for each tissue involved. Efficient and
nontoxic delivery of AMO to the liver, which would be
the target tissue in these diseases, is one major challenge
to be overcome before the practical use of AMO in patients
with organic acidemia can be envisaged. In Duchenne
muscular dystrophy, antisense oligonucleotides have been
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administered intravenously to patients, achieving splicing
modulation to restore the coding frame for dystrophin.31
The efficacy of antisense therapeutics for splicing correc-
tion must be determined in each disease model and for
each deleterious splicing event, although the results re-
ported to date predict a broad applicability.7,11,12
Acknowledgments
We thank B. Merinero and C. Perez-Cerda´, for their excellent
collaboration, and Dr. Gulden Gokcay, for sending the fibroblast
samples. This work was supported by grants from the Comisio´n
Interministerial de Ciencia y Tecnologı´a (SAF2004-06298) and
Universidad Auto´noma de Madrid–Comunidad Auto´noma de
Madrid (CCG06-UAM/BIO-0293). The institutional grant from
Fundacio´n Ramo´n Areces to the Centro de Biologı´a Molecular
Severo Ochoa is gratefully acknowledged.
Web Resources







GenBank, http://www.ncbi.nlm.nih.gov/Genbank/ (for MUT
[accession number NT_007592], PCCA [accession number
NM_000282.2], and PCCB [accession number NM_000532.3])
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